
, 

L 

Some Problems of the Electrical Double Layer 

by Roger Parsons  

Gates and Crellin Laboratories of Chemistry 
Califor ti ia his t i tut e of Technology 

Pasadena, California 91109 

Introduction 

available fo r  a number of differentlsystems. Results for the potassium halides in 
water a r e  summarized elsewhere. 
studied in water. Surface excesses  a t  the mercury-water interpha2e have t l s o  been 
obtained l o r  NaCNS:94 NaCN ,'' NaC10, , 2  NH,C10 in NT3F5, HCl(&, NaNO,, NH,NO, 
in NH,F, ?$ClO, ,2 NaBrO,, NaN, ,' NaH'PO, ,11: T1F , sodium p-toluene 
sulphonate, sodium benzene-m-disulphonate, sodium formate ,15 sodium acetate ,15 

sodium ropionate ,I5 concentrated solutions of s t ron acids ,I6 tetra-alkyl ammonium 
iodides ,p7 long chain ions ,la and aromatic  cation^.'^^^^^^^ The adsorption of ions on 
mercury from non-aqueous solution has been studied to a smal le r  extent but results 
a r e  available for KI in Kl? in methanol," KCl,23 NaCl,', C S C ~ , ' ~  and KtZ5 in forma- 
mide, LiC1, KC1, and CsCl h5N-methyl forniamide, alkali formates ,  phosphates, 
and sulphates in formic acid. The adsorption of thiourea has been studied in detail 
also in water ," methanol ," and formamide. 
has been reviewed thoroughly by Damaskin and Frumkin. 
metals has also been studied in a more  quantitative way in recent years .  Although 
the resul ts  are of considerable interest ,  they a r e  in general not sufficiently accurate 
to be useful i n  t h e  examination of the detailed s t ructure  of the double layer. 

Detailed resul ts  for  the adsorption of ions a t  mercury electrodes are now 

Li,' Rb,' and Cs',, chlorides have also been 

TlNO,, 

The adsorgtion of other non-electrolytes 
Adsorption or& solid 

The Diffuse Layer 

non-specific. This is an operationa1 classification which in,practice depends on the 
simple model of non-specific adsorption introduced by Gouy and Chapman.,' This 
model is analogous to the Debye-Huckel theory of electrolytes. In this model33934735 
adsorption a r i s e s  a s  a resul t  of the electrostatic interaction between point charge 
ions and the charge on the electrode. The s i ze  of the ions is introduced only as a 
distance of closest approach to the electrode (x,). This resul ts  in an ionic atmos- 
phere o r  diffuse layer extending from x2 and decaying out into the bulk of the solu- 
tion, the net charge on this diffuse layer being equal and opposite to that on the 
metal surface. Specific adsorption i s  then a l l  zdsorption which cannot be accounted 
for by the Gouy-Chapman theory. Most obviously it will occur when ions can ap- 
proach the electrode more closely than x, and specific 'chemical' interaction occurs 
between ion and electrode, but other effects,such as the 'squeezing out' of a s t ruc-  
ture-breaking ion from the bulk of the solution may also contribute to the specific 
interaction. Because such specific forces  are short-range,  specifically adsorbed 
ions are usually located in a monolayer with their centers  in a plane a t  X, from the 
electrode (x ,  < x2). 
theory, progress  beyond the first approximation is difficult. Numerous attempts 
to improve the theory of the diffuse layer  have not resulted in a widely used model 
for  two reasons: f i r s t ,  the theories suggest that modifications a r e  smal l  under prac- 
tical conditions, and their u se  is much more  complicated than the Gouy-Chapman 
theory; second, there  have been very few experimental tests of the theory under 
conditions where deviations f rom it might be expected; i. e. , a t  high concentrations 
and high electrode charges. Such tes t s  are difficult because under these conditions 
the diffuse layer makes an insignificant contribution to the electrode capacity. 
Measurements in mixed  electrolyte^^^ and of the kinetics of electrode reactions 3573' 
provide the most cr i t ical  t es t s ,  but interpretation is not unambiguous. Fo r  the 
limited object of defining specific adsorption, recent theoretical worP8 suggests 
that the relation between cationic and anionic charge contributions in the diffuse 

The adsorption of ions a t  an electrode is usefully classified a s  specific or  

This is not a very sophisticated model, but as in the case of electrolyte 



2 

layer is unchanged by improvements in the model; hence, continued use  of the &uy- 
Chapman theory may be justified. On the other  hand, the simple theory probably 
gives an inaccurate potential distribution in the diffuse layer. 

The Inner Layer 
The theorv of the inner laver is more  difficult than that of the diffuse laver 

because it is a region of ve ry  smal l  thickness, probably one solvent molecule thick, 
and its composition var ies  within wide limits. It is very doubtful wbether macro- 
scopic concepts such as dielectr ic  constant have real meaning for  this region al- 
though they continue to be used.  The problem of electrostatic interaction in the 
inner layer has been extensively discussed in two recent 
above, short-range forces  between adsorbed par t ic les  and between particles and 
electrode a r e  a t  least  as important in this region as are the electrostatic forces. 
It s eems  likely")" that the two types of forces  can be meaningfullx9separated, a t  
least to a f i r s t  approximation, in the way first proposed by Stern. That is, the 
non-electrostatic particle-electrode interaction energy is approximately independent 
of the charge on the electrode. This  'chemical' adsorption energy is clearly ' a 
difference between the energy of interaction of the adsorbingzart ic le  with the elec- 
t rode and that of the solvent particle. A detailed calculation for  simple ionic 
(particularly halide) adsorption has suggested that the observed behavior can be ex- 
plained without invdring the formation of a chemical bond between the absorbing 
particle and the electrode. However , i t  s eems  more  probable that chemical bond 
formation occurs to a different extent with different species ranging from thio- 
cyanate ion and thiourea where sulphur is undoubtedly bonded to the mercury elec- 
trode through to aliphatic sulphonates and carboxylates where bond formation seems 
very unlikely. Since the two extremes behave in a generally s imi la r  way it is un- 
likely that a very definite conclusion can be made for  intermediate cases a s  to 
whether bond formation occurs .  On the other hand, there  seems to be little doubt 
about the importance of solvation effects4 in solution and in the doyble layer. 

The energy of interaction of the adsorbing species with the electrode would 
be obhined most unambiguously from measurements at very smal l  adsorbed amounts 
but these a r e  difficult to make reliably. Consequently, the usual procedure is to 
use  measurements a t  higher adsorbed densities and to allow for  the particle-particle 
interactions by theoretical calculation o r  to extrapolate to zero  adsorbed density 
using an adsorption isotherm.  This  procedure at present introduces uncertainty 
because accurate calculations of the interaction a r e  not possible and the correct  
form of the adsorption isotherm is not known, because it depends on a knowledge of 
the free energy of one component in a dense two-dimensional non-ideal liquid mix- 
ture .  Nevertheless,  an empir ical  extension') 45,46 of the Zhukovitskii- Flory-Huggins 
model seems to satisfy a number of limiting c r i te r ia  and to be capable of useful 
interpretation: allowance for  difference of size of adsorbate and solvent , approach 
to saturation, etc. At sufficiently low densities the interaction coefficient may be 
simply related to a two-dimensional second vir ia l  coefficient. In a number of ionic 
sys tems this is found to be extremely la rge ,  possibly reflecting the strong repul- 
s i v e  forces  between ions of like sign. However, these forces  are to a large extent 
screened '  by the presence of conducting walls (metal and diffuse layer) on either 
s ide  of the inner layer .  Fu r the r ,  the ma itude of the second vir ia l  coefficient Of 
iodide ion is strongly solvent dependent.@z5 This  does not s eem to be readily ex- 
plicable in simple electrostat ic  t e rms  since the effective dielectric constant in the 
inner. e y e r  should vary very  little with the solvent. In contrast, the second Virial 
coefficient of thiourea has almost the same  value m the three solvents studie&2~"9ze 
and this value is about that  to be expected from a simple electrostatic mo~pl.'' It 
is possible that the behavior of ions is due to solvation in the inner layer. 

The problem of solvent propert ies  in the inner layer has been frequently 
related to the appearance of a 'hump' in the capacity-potential curve.4e On the other 
handbthe 'hump' has  been attributed entirely to the resul t  of ionic specific adsorp- 
tion. There is no doubt that the la t ter  can cause humps; in the simplest  case the 
capacity is proportional to the slope of the adsorption isotherm which must pass 
through a maximum between ze ro  coverage and saturation; the benzene-disulphonate 

As mentioned 
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is a good illustration of such behayior. Nevertheleg,, there is little doubt 

that the hump in f o r m a ~ i i i d e ~ ~  and in N-methy1forn:amide is attributable to solvent 
reorientation and it is probable that this effect is also present in water.  Until re- 
cently it seemed that humps were  absent in solvents of lower dielectric constant 
than water. Now, however, it is known that they also occur in propylene carbonate, 
ethylene  arbo on ate,^' :.hiethyl s u l p h ~ x i d e , ~ ~  sulpholaw ,51  < - ; ~ i y r o l a c t o n e , ~ ~  and I -  
~ a l e r o l a c t o n e . ~ ~  However, the nature of the hump in these solvents remains to be 
investigated. The simultaneous presence of an adsorption hump and a solvent hunip 
can be discerned in the capacity cu rve  of thiourea in a forniaiiiide solution of K F  
(Fig. 1). It has also been suggested5, that the presence of adsorbed ions may en- 
hance o r  reduce a hump due to solvent reorientation by interacting with the solvent 
molecules in the inner layer. Some support fox-- this view iiiay be obiainec: f rom a 
consideration of the isoelectronic series: C10, , HSO, , and H,PO, . These ions 
are a_ll about the same s ize  but their intecaction with bulk water var ies  co~is id .erably:~~ 
ClO, is a structure breaker while H,PO, is heavily hydrated. This  sequence is 
reflected in their adsorption i:ehavior on mercury. At potential? negativ? to the point 
of zero charge the amount of adsorption is in the sequence ClO, > HSO, > H,PO, 
while a t  high positive charges the sequence is reversed. 
is also in  the sequence ClO, > HSO, > H,PO,- (Fig. 2) .  It is possible that the 
preselice of ClO, in the inner layer facilitates the reorientation of water ,  while the 
HPO, ion tends to reduce i t s  freedom to reorient. 

51 

The magnitude of the hump 

References 
m r e n c e ,  R .  Parsons ,  and R .  Payne, This Symposium. 
2 .  H. Wroblowa, Z. Kovac, and J. O'M. Bockris, Trans. Faraday SOC., 6 l ,  

1523 (1965). 
3. A. N. Frumkin, R. V. Ivanova, and B. B. Damaskin, Doklady Akad. Nauk, 

4. R. Parsons andT .  C. Symons, unpublished work. 
5. R. Payne, J. Phys. Chem., 70, 204 (1956). 
6 .  R. Parsons and R. Payne, unpublished work. 
7 .  R. Payne, J .  Electrochem. SOC., 113 999 (19GG). 
8. R. Payne, J.  Phys .  Chem., G9,  4 m t 1 9 6 5 ) .  
9. C. ci'Alkaine , E.  R.  Gonzalez , and R. Parsons ,  unpublished work. 
10. R. Parsons  and F.G.R. Zobel, J. Electroanal. Cheni., 9, 333 (1965). 
11. P. Delahay and G. G. Susbielles, J .  Phys. Chem., 70, 647 (1966). 
12. G. G. Susbielles, P. Delahay, and E. Solon, J. Phys. Chem., 70, 2601 (1966). 
13. J. M. P a r r y  and R. Parsons,  J. Electrochem. SOC., 113, 992 mG6) .  
14. J. M. Pa r ry  and R .  Parsons,  Trans.  Faraday SOC., 59,  241 (1963). 
15. J. Lawrence and R .  Parsons ,  unpublished work. 
16. Z. A. Iofa and A. N. Frumkin, Zhur. Fiz. Khim., 18, 268 (1944). 
17. M.A.V. Devanathan and M. J. Fernando, Trans.  Faraday SOC., 58, 368 (1932). 
18. K. Eda, Nippon Kagaku Zasshi,  80, 343, 349, 4G1, 465 (1959); C q G 8 9 ,  875, 

S.S.S. R. , 157, 1202 (1964). 

579 (1960). 
19. 
20. 
21. 

22. 
23. 

E. Blomgren and J. O'M. Bockris, J. Phys. Cheni., G 3 ,  1475 (1959). 
B. E. Conway and R. G. Barradas,  Electrochim. Acta, 5, 319, 349 (1961). 
B. E. Conway, R. G. Barradas,  P. G. Hamilton, and J. M. P a r r y ,  J. Elec- 

J. 2. Garnish and $ .Tarsons ,  Trans. Faraday SOC., in press .  
G. H. Nancollas, D. S. Reid, a n d C .  A. Vincent, J. Phys. Chem., 70, 3300 

24. B. B. Damaskin, R. V. Ivanova, and A. A. Survila, Elektrokhimiya, 1, 
25. R. Payne, J. Chem. Phys., 2, 3371 (1965). 
26. B. B. Daniaskin and R. V. Ivanova, Zhur. Fiz. Khini., 3, 92 (19G4). 
27. F. W. Schapink, M. Oudenian, K. W. Leu, and J. N. Helle, Trans.  Faraday 

25. E. Dutkiewicz and R. Parsons ,  J. Electroanal. Chem., ll, 19G (19G6). 

traanal. Chem. 10, 485 (1965). 

(1966). 

767 (1966). 

SOC., 56, 415 (1960). 



'I 
4 

29. B. B. Damaskin and A. N. Frunikin Modern Aspects of Electrochemistry, 
111, ed. J. O'M. Bockris and B. E!. Conway, Butterworths,London, 1964, 

30. E. Gileadi, J. Electroanal. Chem. , 11, 137 (1966). 
31. G. Gou , J. Phys. Radium, [41 
32. D. L. Zhapnian, Phil. Mag., [ S j  F25, 475 (1913). 
33. D. C. Grahanie, Chem. Rev. , 41, -1 (1947). 
34. R. Parsons ,  Modern Aspects ofElectrochemistry,  I, ed. J. O'M. Bockris 

35. P. Delahay, Double Layer and Electrode Kinetics, Interscience, Wiley, New 
York, 19G5. 

36. K. M. Joshi  and R. Pa r sons ,  Electrochim. Acta, 4, 129 (1961). 
37. L. Gierst ,  L. Vandenberghen, E. Nicholas, and A. F r a b n i ,  J. Electrochem. 

SOC., 113, 1025 (19'36). 
30. H. R. Hurwitz, A. Sanfeld, and A. Steinchen-Sanfeld, Electrochim. Acta,  2, 

929 (1964). 
39. S. Levine, J. Mingins, and G. M. Bell, J. Electroanal. Chem. , l3, 280 (1967). 
40. C. A. Barlow and J. R. Macdonald, Advances in Electrochemistry and Elec- 

trochemical Engineering, ecl. P. Delahay and C. W. Tobias, Interscience, 
Wiley, in p re s s .  

41. S. Levine, G. M. Bell, and D. Calvert Can. J. Chem. , 40, 518 (1962). 
42. 0. Stern Z. Elektrocheni. 30, 508 (1624). 
43. J. O'M. bockr i s .  M.A.V. bevanathan. and K, Muller,  Proc.  Roy. SOC., A274, 

9, x7 (1910). 

and B. E. Conway, Butterworths , London , 19 54. 1 

44. 
45. 
46. 
47. 
48. 
49. 

50. 

51. 
52. 
53. 
54. 

55. 

55 (1963). 
T. N. Andersen and J. O'M. Bockris, Electrochim. Acta, 9, 347 (1964). 
B. B. Damaskin Electrokhiniiya, 1, 63 (1965). 
R. Parsons ,  J. hlectroanal.  Chem., 8, 93 (1964). 
R. Parsons ,  Proc.  Roy. SOC. , 261A,79 (1961). 
D. C. Grahame, J. Chem. Phys. , 23,  1725 (1955). 
S. Minc J. Ja s t r zebska ,  and M. Brzostowska, J. E1ect)ochem. SOC. , m, 
B. B. Damaskin and Yu. M. Povarov, Doklady &ad. Nauk. S.S.S.R. , 140, 
J. Lawrence, B. Sc. Thesis ,  Bristol ,  19G4. 
R. Payne, unpublished work. 
R. Payne, J. Am. Chem. Soc., in press .  
E. Schwartz B. B. Damaskin, and A. N. Frumkin, Zhur. Fiz. Khim. , 36, 
M. Selvaratnam and M. Spiro, Trans.  Faraday SOC., 6 l ,  360 (1965). 

1161 (1961). 

394 (1961). 

2419 (1962). 



.-.. , ,/' 
, ....- __..- 

I 1 I .;..A. 

-. 



6 

ESSENTIAL IDEAS OF ELECTRODE KINETICS 

Paul  Delahay 
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New York, New York 10003 

, 

I 
I 
I 

The fundamental concepts i n  e l e c t r o d e  k i n e t i c s  are introduced.  General refer-  , ences i n  Engl ish,  o r  a v a i l a b l e  i n  t r a n s l a t i o n ,  inc lude  books ( l - b ) ,  reviews- 
volumes (5-6) and reviews (7 -8) .  

H i s t o r i c a l  (only key i d e a s )  

1. The d e s c r i p t i o n  of  e l e c t r o d e  k i n e t i c s  i n  terms of  cur ren t -poten t ia l  [overvoltage) 
r e l a t i o n s h i p s  i s  p r i m a r i l y  based on: 

i ( a )  t h e  concept of exchange cur ren t  ( B u t l e r ,  1924) 
( b )  t h e  i n t r o d u c t i o n  of t h e  t r a n s f e r  coef fec ien t  (Erdey-Gruz and 

Volmer, 1930) 
( c )  t h e  c o r r e l a t i o n  between e lec t rode  k i n e t i c s  and double l a y e r  

s t r u c t u r e  (Frumkin, 1933) 
( a )  t h e  c o r r e l a t i o n  w i t h  adsorpt ion a t  t h e  e lec t rode  (Frumkin and 

Ersh ler ,  1940; a l s o  Temkin) 

2. Elucidat ion o f  r e a c t i o n  mechanisms involves :  

I 

(a)  t h e  i n t r o d u c t i o n  of s to ich iometr ic  numbers i n  t h e  ana lys i s  of current  - 
p o t e n t i a l  r e l a t i o n s h i p s  (Hor iu t i  and Ikusima, 1939) 

(b)  r e a c t i o n  o r d e r s  s t u d i e s  (Vet ter  and Gerischer  (1950); a l s o  Essin (1940) 
( c )  t h e  d e t e c t i o n  and, i f  p o s s i b l e ,  q u a n t i t a t i v e  es t imat ion  of i n t e r -  

( d )  o ther  approaches: double layer e f f e c t s ,  d e t a i l e d  analysis of t h e  

1 
mediates by var ious  techniques 

e f f e c t  of coupled chemical r e a c t i o n s ,  i s o t o p e  e f f e c t s  , e t c .  

3. "Molecular" i n t e r p r e t a t i o n  of e lec t rode  k i n e t i c s  r e q u i r e s  t h e  development o f  
t h e o r i e s  of e l e c t r o n  t r a n s f e r  (Marcus (1956)) .  These had as a precursor  t h e  
in t roduct ion  o f  po ten t ia l -energy  diagrams (Horiuti and Polanyi ,  1935; Butler ,  \ I  

1336 1. 
\\ 

Descr ip t ive  Kine t ics  i n  Terms of Exchange Current and Transfer  Coeff ic ien t  

1. In t roduct ion  o f  t h e  concept o f  exchange c u r r e n t  by cons idera t ion  of  forward and 
backward reac t ions  a t  equi l ibr ium.  

2. Discussion of  t r a n s f e r  c o e f f i c i e n t  from potent ia l -energy  diagram. 
3. Def in i t ion  of  overvol tage  and discussion of current-overvol tage c h a r a c t e r i s t i c s .  

Corre la t ion  with Double Layer S t r u c t u r e  

1. 
c l o s e s t  approach. 

2. Correct ion f o r  t h e  drop of p o t e n t i a l  across  t h e  d i f f u s e  double l a y e r .  
3. Other e f f e c t s :  so lvent  s t r u c t u r e ,  s p e c i f i c  e f f e c t s ,  e t c .  

adsorp t ion ,  on t h e  b a s i s  o f  the theory  of t h e  d i f f u s e  double layer. 
adsorpt ion poses problems. 
q u a n t i t a t i v e  a n a l y s i s  a t  t h i s  s tage .  

, 

/ 

Correct ion f o r  t h e  concent ra t ions  of r e a c t a n t s  (and products)  i n  t h e  plane of \ I  

\ 

The first t w o  c o r r e c t i o n s  can be made q u i t e  w e l l ,  i n  t h e  absence of s p e c i f i c  I1 
Speci f ic  

Solvent and s p e c i f i c  e f f e c t s  do not lend  themselves t o  1; 
\I 

I1 

I 

I 
, 

I 



7 

Corre la t ion  with Adsorption 

The problem i s  t o  w r i t e  current-overvoltage c h a r a c t e r i s t i c s  tak ing  i n t o  ac- ' count t h e  coverage b;y r e a c t a n t s  and/or products. 
some isotherm, e .g . ,  t h e  Langmuir o r  Temkin isotherms. 
then be c o r r e l a t e d  t o  t h e  s tandard f r e e  energy of  adsorpt ion,  and t h e  e f f e c t  of 
t h e  na ture  of t h e  e lec t rode  can be inves t iga ted .  Formulation can be developed f o r  

Adsorption equi l ibr ium follows 
The exchange cur ren t  can 

, 
) 
i p a r a l l e l  o r  consecutive reac t ions .  

I 

( 

) 

1 

The e f f e c t  of p o t e n t i a l  on adsorp t ion ,  e .g . ,  organic r e a c t a n t  on mercury, can 
a l s o  be introduced i n  t h e  cur ren t -poten t ia l  c h a r a c t e r i s t i c .  

Elucidat ion of Mechanisms 

Analysis of current-overvol tage v a r i a t i o n s  i n  terms of s to ich iometr ic  numbers, 
reac t ion  orders ,  Tafe l  p l o t s ,  e t c . ,  provides fundamental c r i t e r i a  f o r  t h e  elucida- 

These c r i t e r i a  may s u f f i c e  f o r  simple processes  
(e .g . ,  o v e r a l l  reac t ion  i d e n t i c a l  with r a t e  determining s t e p )  but  i n  genera l ,  they 
do not a l low unambiguous assignment of mechanisms f o r  more complex reac t ions .  
Other methods must then be appl ied  ( see  H i s t o r i c a l ) .  

(' t i o n  of  reac t ion  mechanisms. 

' 
' 

Mass Transfer  

Complication by t h e  f i n i t e  rate of mass t r a n s f e r  of r e a c t a n t s  and products  
can be avoided when t h e  exchange cur ren t  is  s u f f i c i e n t l y  low (vigorous s t i r r i n g ,  
l a r g e  excess of  r e a c t a n t s  and products ) .  This complication cannot be avoided with 
high exchange c u r r e n t s .  Diffusion i n  e lec t rode  processes  was  a l ready understood 
i n  t h e  e a r l y  work of  Sand and C o t t r e l l  (about 1900) and w a s  ex tens ive ly  s tud ied  i n  
polarography (Heyrovsky , 1922; I l k o v i c  1934). 
d i f f u s i o n  has been vigorously s t u d i e d  f o r  t h e  las t  20 years  (Brdicka and Koutecky, 
1947). 
Levich 1942) .  

"Molecular" Electrode Kine t ics  

This i s  a d i f f i c u l t  problem but  a t  least a way t o  introduce modern chemical 
physics  i n  e lec t rochemis t ry  (which i s  mostly prequantum h its present  concepts 
and o r i e n t a t i o n ) .  S a t i s f a c t o r y  t reatment  has been developed only f o r  processes  
t h a t  do not  involve t h e  breaking o r  making of a bond. 
been made mostly t o  homogeneous redox processes ,  but  t h e r e  are unexploi ted applica- 
t i o n s  t o  e lec t rode  k i n e t i c s .  
a bond-breaking o r  bond-making process .  

Combination of k i n e t i c s  and 

Hydrodynamic problems can a lso be a t tacked  ( r o t a t i n g  d i s k  e l e c t r o d e ,  

Applicat ion of theory  has 

No p r e d i c t i o n  i s  ventured about t rea tments  involving 

Topics not  Treated 

semiconductor e l e c t r o d e s ,  methodology and techniques ,  e t c .  
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ELECTRON TRANSFERS AT ELECTRODES AND IN SOLUTION. 
COMPARISON OF THEORY AND EXPERIMENT 

R. A. Marcus 

Noyes Chemical Laboratory 
University of Illinois 
Urbana, Illinois 61801 

! 

Detailed quantitative information about different theoretical 
aspects of electron transfer rates in solution and at electrodes can 
be obtained from appropriate experiments. Recent theoretical work 
has predicted certain quantitative correlations between rates of 
crossed-redox reactions and rates of isotopic exchange, and between 
homogeneous and electrochemical rates. Experimental tests of these 
predictions yield insight into "intrinsic" and "driving force" 
factors. 

The intrinsic factor is related to differences in properties of 
oxidized and reduced species (e.g., differences in corresponding bond 
lengths and differences in solvent orientation polarization). The 
driving force term is related to the standard free energy of reaction 
in the homogeneous reaction and to the activation overpotential in the 
electrode reaction. 

Measurements of temperature coefficients of rates in dilute 
solution provide some information about adiabatic and dielectric satu- 
ration effects. Absolute rates, in conjunction with knowledge of bond 
length differences and bond force constants, provide some insight into 
the overall picture, though do not disentangle these various factors 
(intrinsic, adiabatic, unsaturation, etc.). 

' The present state of experimental information on these theoretical 
topics will be described. 
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Techniques f o r  t h e  Study of- Elec t rode  Frocesses  

Department of  Chemistry 
Western Heserve Univers i ty  and Case I n s t i t u t e  of Technology 

Cleveland, Ohio 
I 

experimental  study o f  t h e  k i n e t i c s  of a p a r t i c u l a r  e l e c t r o d e  system. 
The electrochemist  is faced wi th  two types  of  problems i n  undertaking an 

. Ernes t  Yeager and Frank Ludwig 

1. I d e n t i f i c a t i o n  of a l l  of t h e  f a c t o r s  o r  parameters which must 
be  known and c o n t r o l l e d  i n  order  t o  c a r r y  out  i n t e r p r e t a b l e  
experiments. I 

2. Choice o f  t h e  most promising ins t rumenta l  techniques f o r  t h e  
study. 

t 
In conjunct ion wi th  t h e  first,  it can not b e  emphasized t o o  s t r o n g l y  t h a t  t h e  r e a l  
p i t f a l l  i n  e lec t rochemis t ry  is not t h e  l a c k  of s o p h i s t i c a t e d  instrumental  techniques 
and methods but r a t h e r  t h a t  t h e s e  techniques do not  g ive  adequate knowledge o r  cont ro l  ' 
over  many o f  t h e  phys ica l  and chemical v a r i a b l e s  which have a major e f f e c t  on 1 

e l e c t r o d e  processes .  
p a r t i c u l a r  e lec t rode  process  r e q u i r e s  a p r o j e c t i o n  as t o  t h e  probable mechanism and 

The choice  of  techniques t o  be used t o  s tudy t h e  k i n e t i c s  of a 

Both s teady-s ta te  and t r a n s i e n t  techniques have found ex tens ive  use i n  k i n e t i c  
s t u d i e s  of  e l e c t r o d e  processes .  
systems from equi l ibr ium involve  t h e  a p p l i c a t i o n  of  some well-defined cur ren t  o r  
v o l t a g e  func t ion  but  such techniques are d i f f i c u l t  t o  apply t o  e l e c t r o d e  systems of 
high r e s i s t i v i t y  i n  t h e  s o l u t i o n  or e l e c t r o d e  phase (-, oxides ,  organic  semi- 
conductors) .  I n  such i n s t a n c e s  changes in temperature ,  p ressure ,  concentrat ion,  o r  
surface area m a y  be  used t o  p e r t u r b  t h e  e l e c t r o d e  system with t h e  r e l a x a t i o n  followed 
by t h e  measurement of  t h e  e l e c t r o d e  potent ia l - - thus avoiding t h e  passage of  any 
apprec iab le  cur ren t  through t h e  system ( s e e  Table 1). 

Acknowledgment 

The most common means for per turb ing  e lec t rode  

Some of t h e  experimental  aspec ts  of t h i s  paper are based on research  supported 
by t h e  Off ice  of Naval Research. 
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ELECTROCHEMICAL REACTIONS AT SEMICONDUCTOR ELECTRODES 

D. R .  Turner  

B e l l  Telephone Labora to r i e s ,  I n c .  ~ 

Whippany, N e w  J e r s e y  

Elez t rochemiaa l  r e a c t i o n s  a t  semiconductor  e l e c t r o d e s  have been 
s t u d i e d  i n  d e t a i l  on ly  r e c e n t l y .  Beginning wi th  t h e  c l a s s i c  paper  
of B r a t t a i n  and Garrett’ i n  1955 which l a i d  down many of  t h e  b a s i c  
P r i n c i p l e s ,  o u r  unde r s t and ing  of t h e  s u b j e c t  developed ve ry  r a p i d l y .  
Exce l l en t  survey papers  and o r i g i n a l  c o n t r i b u t i o n s  t o  semiconductor  
e l e c t r o c h e m i s t r y  a r e  a t t r i b u t e d  t o  Dewald’, Green , and Ger i sche r  . 
Elec t rochemica l  p rocesses  are  now w e l l  understood on s i n g l e - c r y s t a l  
e lementa l  semiconductors  such as Ge and Si5 j6 .  
semiconductor  compounds such as G a A s  have been s t u d i e d  and, wh i l e  
t h e  chemis t ry  of t h e  r e a c t i o n s  i s  d i f f e r e n t ,  t h e i r  e l e c t r o n i c  
behavior  i s  t h e  same as f o r  Ge and Si. 

Elec t rochemica l  r e a c t i o n s  a t  semiconductor  e l e c t r o d e s  a r e  unique i n  
e l ec t rochemis t ry  i n  t h a t  t h e  k i n e t i c s  of e l e c t r o d e  p rocesses  may be 
determined by phenomena which occur  w i t h i n  t h e  e l e c t r o d e  i t s e l f .  
I n  o r d e r  t o  unders tand  e l ec t rochemica l  r e a c t i o n s  a t  semiconductor  
e l e c t r o d e s ,  i t  i s  necessa ry  f i r s t  t o  recognize  how semiconductors  
d i f f e r  from meta ls  i n  t h e i r  e l e c t r i c a l  p r o p e r t i e s .  I n  metals, 
t h e r e  i s  always a l a r g e  number of e l e c t r o n s  a s s o c i a t e d  w i t h  va lence  
bonds which  have s u f f i c i e n t  energy t o  become conduct ion  e l e c t r o n s .  
Another way of s ay ing  t h i s  i s  t h a t  t h e  va lence  band of e l e c t r o n  
energy l e v e l s  ove r l ap  wi th  t h e  conduct ion  band. I n  semiconductors ,  
t h e r e  i s  an  a p p r e c i a b l e  energy gap between t h e  t o p  of t h e  va lence  
band and t h e  bottom of t h e  conduct ion  band. This  r e s u l t s  i n  a 
r e l a t i v e l y  low e l e c t r o n i c  c o n d u c t i v i t y  s i n c e  t h e  number of e l e c t r o n s  
which have enough thermal  energy t o  b r i d g e  t h e  gap and p rov ide  
c u r r e n t  c a r r i e r s  is r e l a t i v e l y  low. Cur ren t  c a r r i e r s  i n  semicon- 
d u c t o r s  are of two types--conduct ion band e l e c t r o n s  ( e l e c t r o n s  f r e e  
t o  move through t h e  c r y s t a l  l a t t i c e )  and va lence  band h o l e s  
( e l e c t r o n s  miss ing  from cova len t  bonds) .  E l e c t r o n  motion from bond 
t o  bond g i v e s  t h e  e f f e c t  of p o s i t i v e  charges  moving i n  t h e  oppos i t e  
d i r e c t i o n .  These p o s i t i v e  charges  a r e  c a l l e d  e l e c t r o n  h o l e s  o r  
s imply ho le s .  Each e l e c t r o n  t h a t  b r i d g e s  t h e  energy gap  produces 
one h o l e  and one e l e c t r o n  c u r r e n t  c a r r i e r .  The product  of t h e  
concen t r a t ions  of  h o l e s  and e l e c t r o n s  i s  a c o n s t a n t  a t  a g iven  
tempera ture .  The ana logy  between t h e  hydrogen ion--hydroxyl  i o n  
e q u i l i b r i u m  i n  water and t h e  h o l e  ( e + ) - - e l e c t r o n  (e - )  e q u i l i b r i u m  
i n  semiconductors  i s  o f t e n  made. Both e q u i l i b r i a  are c o n t r o l l e d  by 
t h e  law of mass a c t i o n .  I n c r e a s i n g  one c a r r i e r  t ype  d e p r e s s e s  t h e  
concen t r a t ion  of t h e  o t h e r .  The r e l a t i v e  c o n c e n t r a t i o n s  of h o l e s  
and e l e c t r o n s  i n  semiconductors  are  c o n t r o l l e d  by doping  w i t h  small 
amounts of i m p u r i t i e s  which provide  energy l e v e l s  l y i n g  c l o s e  t o  
t h e  va lence  band ( t h e s e  accep t  e l e c t r o n s  from t h e  semiconductor  and 
produce p- type material) o r  c l o s e  t o  t h e  conduct ion  band ( t h e s e  
donate  e l e c t r o n s  t o  t h e  semiconductor  and make n- type  semiconductors). 
The terminology n- and p- type i n d i c a t e s  t h e  p o l a r i t y  O f  t h e  major  
c u r r e n t  c a r r i e r  i n  t h e  semiconductor--n s i g n i f i e s  n e g a t i v e  charges  

3 4 

Some i n t e r m e t a l l i c  
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( e l e c t r o n s )  wh i l e  p i s  f o r  p o s i t i v e  charges  ( h o l e s ) .  
e l e c t r o c h e m i c a l  r e a c t i o n s  r e q u i r e  s p e c i f i c a l l y  h o l e s  o r  e l e c t r o n s  
from t h e  semiconductor .  Hence, r eac t to r !  r a t e s  may become l i m i t e d  
by t h e  supply  of h o l e s  o r  e l e c t r o n s  when they  are t h e  minor i ty  
c u r r e n t  c a r r i e r  i n  t h e  semiconductor .  A compl i ca t ion  i n  c l e a r l y  
d e f i n i n g  t h e  z o n c e n t r a t i o n  of  h o l e s  and e l e c t r o n s  i n  t h e  s u r f a c e  
r e g i o n  of semiconductors  is s u r f a c e  s t a t e s .  These a r e  o r t e n  ill- 
d e f i n e d  s u r f a c e  phenomena which g i v e  r i se  t o  a l lowed energy l e v e l s  
i n  t h e  normally f o r b i d d e n  region-- the energy gap. Su r face  s t a t e s  
zan t r a p  e l e z t r o n s  and/or ho le s .  They may a l s o  a c t  as a source  of 
c u r r e n t  c a r r i e r s .  A comprehensive review of t h e  s t r u c t u r e  of t h e  
semiconduc to r -e l ec t ro ly t e  i n t e r f a c e  has  been prepared  by Boddy7. 

C e r t a i n  

Elec t rochemi-a1  Techniques 

A wide v a r i e t y  of  exper imenta l  t echn iques  has  been used t o  s tudy  
e l e c t r o z h e m i c a l  r e a c t i o n s  on semiconductor  e l e c t r o d e s .  Many o f  
t h e s e  techniques  t a k e  advantage of t h e  semiconduct ing p r o p e r t i e s  
of t h e  e l e c t r o d e .  Photo e f f e c t s ,  capac i t ance  measurements, and 
s o l i d - s t a t e  pn j u n c t i o n  i n d i c a t o r  e l e c t r o d e s  g i v e  in fo rma t ion  about 
t h e  zharge d i s t r i b u t i o n  and/or t h e  charge  t r a n s f e r  mechanism a t  t he  
s e m i c o n d u c t o r - e l e c t r o l y t e  i n t e r f a c e .  

Anode Reac t ions  

The impor tan t  anodic  r e a : t i o n s  a r e  sea i conduc to r  d i s s o l u t i o n ,  f i l m  
format ion ,  and o x i d a t i o n  of i o n s  i n  3ol i I t ion.  

Germanium i s  d i s s o l v e d  a n o d i c a l l y  i n  most e l e c t r o l y t e  
s o l u t i o n s  whereas s i l i c o n  may be e l e c t r o l y t i c a l l y  
d i s s o l v e d  on ly  i n  f l u o r i d e  s o l u t i o n s .  B r a t t a i n  and 
Garret t '  showed t h a t  t h e  Ge d i s s o l u t i o n  r e a c t i o n  
consumes h o l e s  a t  t h e  anode s u r f a c e .  The same 
phenomenon h a s  s i n c e  been demonstrated for t h e  anddic  
d i s s o l u t i o n  of a l l  semiconductors .  S a t u r a t i o n  anodic  
c u r r e n t s  are observed w i t h  n- type semiconductors .  
The l i m i t i n g  anod ic  c u r r e n t  i s  i n c r e a s e d  when t h e  
s u r f a c e  c o n c e n t r a t i o n  o f  h o l e s  i s  i n c r e a s e d  by any 
means. I l l u m i n a t i o n  of t h e  anode s u r f a c e  wi th  l i g h t  
of  s u f f i c i e n t  energy  t o  e x c i t e  e l e c t r o n s  from t h e  
va l ence  t o  t h e  conduct ion  band thus  c r e a t i n g  hole-  
e l e c t r o n  p a i r s  i s  t h e  most e f f e c t i v e  method of 
i n c r e a s i n g  t h e  h o l e  c o n c e n t r a t i o n  i n  t h e  semicon- 
d u c t o r  s u r f a c e .  The Ge d i s s o l u t i o n  va lence  i s  f o u r  
a t  low c u r r e n t  d e n s i t i e s  and between two and f o u r  
h o l e s  p e r  Ge atom are consumed i n  t h e  anodic  r e a c t i o n  
depending on t h e  s u r f a c e  h o l e  concen t r a t ion .  A t  h igh  
c u r r e n t  d e n s i t i e s ,  t h e  G e  d i s s o l u t i o n  va lence  becomes 
two. The anodic  s o l u t i o n  of S i  i n ' f l u o r i d e  s o l u t i o n s  
Is  q u i t e  d i f f e r e n t  from Ge. The S i  d i s s o l u t i o n  
va lence  is two a t  low c u r r e n t  d e n s i t i e s  and becomes 
about  f o u r  when t h e  c u r r e n t  d e n s i t y  exceeds a 
2 r i t i c a l  v a l u e  a t  which f l u o r i d e  i o n s  are  consumed 
i n  tne  anodic  r e a c t i o n  as f a s t  as they  r each  t h e  
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s u r f a c e  by mass t r a n s p o r t .  D iva len t  s i l i c o n  i s  u n s t a b l e  
and d i s p r o p o r t i o n a t e s  t o  t e t r a v a l e n t  S i  and amorphous Si. 
A t h i c k  f i l m  of amorphous S i  can be b u i l t  up below t h e  
c r i t i c a l  c u r r e n t  d e n s i t y .  The t h i c k  f i l m  comes o f f  a t  
t h e  e r i t i c a l  c u r r e n t  d e n s i t y  and Si d i s s o l u t i o n  va lence  
becomes f o u r .  E l e c t r o p o l i s h i n g  a l s o  occurs  under  t h e  

- Film Formation - 

cond i t ions  of t e t r a v a l e n t  d i s s o l u t i o n .  I 

S t a b l e  uniform f i l m s  o f  ox ides  o r  o t h e r  m a t e r i a l s  
cannot  be formed a n o d i c a l l y  on G e  i n  aqueous s o l u t i o n s  
because of t h e i r  excess ive  s o l u b i l i t y  i n  water. Non- 
aqueous s o l u t i o n s  may be used t o  produce f i l m s  on G e .  
Anodical ly  formed oxide  f i l m s  are produced on Si i n  
f l u o r i d e - f r e e  e l e c t r o l y t e s .  

Cathodic  React ions 

Cathodic  r e a c t i o n s  of i n t e r e s t  a t  semiconductor  e l e c t r o d e s  a r e  re- 
d u c t i o n  of s u r f a c e  f i l m s ,  ca thod ic  d i s s o l u t i o n  of Ge, and r educ t ion  
of  i o n s  i n  s o l u t i o n .  Many ca thod ic  r e a c t i o n s  on semiconductor  
e l e c t r o d e s  r e q u i r e  conduct ion  band e l e c t r o n s .  The re fo re ,  l i m i t i n g  
c u r r e n t s  a r e  observed a t  p- type semiconductors  where conduct ion  
band e l e c t r o n s  are t h e  minor i ty  c u r r e n t  c a r r i e r .  

Su r face  f i l m s  such as oxides  may be c a t h o d i c a l l y  
reduced on Ge but  no t  on Si. This  is of p r a c t i c a l  
i n t e r e s t  when metal c o n t a c t s  must be e l e c t r o d e p o s i t e d  
d i r e c t l y  on a n  ox ide - f r ee  semiconductor  s u r f a c e .  The 
p l a t i n g  s o l u t i o n  composi t ion and t h e  method of app ly ing  
c u r r e n t  t o  t h e  c e l l  i s  impor tan t  i n  de te rmining  whether  
o r  n o t  a n  i n t i m a t e  c o n t a c t  between depos i t ed  metal and 
semiconductor  is formed. 

The d i scha rge  of hydrogen i o n s  on e l e c t r o d e s  has  been 
s t u d i e d  more t h a n  any o t h e r  e l ec t rochemica l  r e a c t i o n .  
This  r e a c t i o n  on semiconductor  e l e c t r o d e s  i s  unique  i n  
two r e s p e c t s :  (1) conduct ion  band e l e c t r o n s  are  
r equ i r ed  f o r  t h e  e l e c t r o n  t r a n s f e r  p rocess  and ( 2 )  a t  
ve ry  h igh  c u r r e n t  d e n s i t i e s  ( > l o 0  A/cm2), germane 
( G e H 4 )  is formed a t  n e a r l y  100% c u r r e n t  e f f i c i e n c y .  

Redox React ions 

The r educ t ion  and o x i d a t i o n  of i o n s  i n  s o l u t i o n  a t  semiconductor  
e l e c t r o d e s  a r e  e s p e c i a l l y  i n t e r e s t i n g  s i n c e  t h e  e l e c t r o n  t r a n s f e r  
p rocess  is predominant ly  w i t h  va lence  band o r  e l e c t r o q  band e l e c -  
t r o n s  depending on t h e  p o t e n t i a l  of t h e  redox system. I n  g e n e r a l ,  
t h e  s t r o n g e r  t h e  o x i d i z i n g  agent  formed o r  reduced a t  t h e  semi- 
conductor  e l e c t r o d e ,  t h e  more l i k e l y  t h a t  t h e  r e a c t i o n  w i l l  i nvo lve  
t h e  i n j e c t i o n  o r  e x t r a c t i o n  of h o l e s .  Conversely,  t h e  s t r o n g e r  t h e  
reducing  agent  produced o r  oxid ized  on a semiconductor ,  t h e  g r e a t e r  
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is t h e  f r a c t i o n  of t h e  c u r r e n t  from e l e c t r o n s  e x t r a c t e d  from o r  
i n j e c t e d  i n t o  t h e  conduc t ion  band. P r a c t i c a l l y  a l l  t h e  expe r i -  
mental  work concern ing  redox r e a c t i o n s  a t  semiconductor  e l e c t r o d e s  
has  been done wi th  Ge. A pn j u n c t i o n  i n d i c a t o r  e l e c t r o d e  i s  t h e  
most convenient  method of de t e rmin ing  t h e  r e l a t i v e  amount of each 
k ind  of e l e c t r o n  i n  t h e  redox r e a c t i o n .  

I 
P r a c t i c a l  App l i ca t ions  

An unders tanding  of t h e  b a s i c  e l e c t r o c h e m i c a l  r e a c t i o n s  a t  semi- 
conductor  e l e c t r o d e s  h a s  l e d  t o  improvements o f  many e l e c t r o -  
chemical  processes  f o r  s e p c o n d u c t t r  m a t e r i a l s .  
impor t an t  of  t h e s e  a r e :  chemical  e t c h i n g  and p o l i s h i n g ,  
e l e c t r o p o l i s h i n g ,  metal d e p o s i t i o n ,  metal d isp lacement  p l a t i n g ,  
and s t a i n i n g  pn j u n c t i o n s .  

The most 

Oxide Semiconductors 

Oxide semiconductors  were known long  b e f o r e  e lementa l  semicon- 
d u c t o r s  y e t  t h e  oxide  m a t e r i a l s  a r e  no t  n e a r l y  a s  we l l  unders tood .  
T h e i r  semiconduct ing p r o p e r t i e s  stem l a r g e l y  from s t r u c t u r a l  
d e f e c t s  i n  ox ides  t h a t  would be i n s u l a t o r s  i f  t h e  c r y s t a l s  were 
d e f e c t - f r e e .  These ox ides  are of c o n s i d e r a b l e  p r a c t i c a l  s i g n i f i -  
cance;  f o r  example, many b a t t e r y  e l e c t r o d e s  and c o r r o s i o n  f i l m s  
are composed of semiconduct ing  oxides .  Attempts have been made i n  
r e c e n t  yea r s  t o  i n t e r p r e t  b a t t e r y  and c o r r o s i o n  r e a c t i o n s  i n  terms 
of semiconductor  phenomena w i t h  l i m i t e d  success .  
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I 

Elec t rodepos i t ion  is an ex tens ive  and complicated subjec t .  This discus- 
s i o n  i s  confined t o  t he  ene rge t i c s  and k i n e t i c s  of metal  depos i t ion  from aqueous 
so lu t ions .  
mentioned. 
i n  the  past decade; it is the o b j e c t  here t o  review t h e  present  s t a t u s .  
works represent  t h e  more a v a i l a b l e  l i t e r a t u r e  and m y  be consulted f o r  d e t a i l s ,  
p a r t i c u l a r l y  the  more r e c e n t  reviews (1 ,2). 

The formation of anodic films and the morphology of depos i t s  i s  b r i e f ly  
The e l u c i d a t i o n  of the  atomic mechanisms has made s i g n i f i c a n t  progress 

The c i t e d  

The energy o f  t he  r eac t ion  between a metal and an e l e c t r o l y t e  is the d i f -  
fe rence  between t h e  cohesive energy of the  metal  and the  so lva t ion  energy of the 
meta l  ions.  The former i s  the  sum of the  mutual p o t e n t i a l  energy of t h e  valence 
e l e c t r o n s  and the  ions ,  tha t  o f  the  valence e l ec t rons ,  t h a t  of t h e . i o n s  and the 
k i n e t i c  energy o f  t h e  e l e c t r o n s  and t h e  ions.  
hes ive  energy pe r  atom m y  be expressed as 

The l a s t  may be negledted. The co- 

Ec = HiYi + $J + Ui,e + $eF (1 1 eye 

The mutual p o t e n t i a l  energy between t h e  e l ec t rons  and t h e  ions may, on 
the  average, be d iv ided  i n t o  h a l f  f o r  t he  e l ec t rons  and ha l f  f o r  t he  ions. 
then express the  cohes ive  energy of t he  metal i n  terms of an ion ic  work function, 

We may 

and t h e  e l e c t r o n i c  work func t ion ,  ae, a s  follows: a+, 

and 

where S and I are t h e  subl imat ion  energy and i o n i z a t i o n  energy pe r  atom, respec- 
t i v e l y .  

The energy o f  so lva t ion ,  W+, is  the  energy change f o r  so lva t ing  a gaseous 
ion. These q u a n t i t i e s  and the  r e l e v a n t  p o t e n t i a l  energy curves a r e  shown i n  f i g .  1. 

The s tandard  f r e e  energy change f o r  a meta l  ion t o  leave  the  l a t t i c e  and 
go into so lu t ion  is approximately 

I 
‘‘:hem - u+ - ‘+ 

An e l e c t r i c a l  p o t e n t i a l  d i f f e rence ,  (‘43 - cp,), develops across  the  in t e r -  
f ace  SO t h a t  t he  t o t a l  f r e e  energy change f o r  the  t r a n s i t i o n  of ions  from metal to 
Solu t ion  i s  the  sum of t h e  chemical f r e e  energy change, AGchem, and the  e l e c t r i c a l  



f r e e  energy change, ZF[C+ - 9 3. 
zero and AGche = -aGelec. A? equi l ibr ium t h e  exchange r a t e s  of t h e  ions are 
equal  - t h e  ex%ange c u r r e n t  d e n s i t y ,  io. 

may be var ied by an e x t e r n a l  c i r c u i t ,  d i s t u r b i n g  the  equi l ib-  
rium and causinge&%her a n e t  depos i t ion  o r  n e t  d i s s o l u t i o n .  The change in AGelec 

The energy cy+ and S must have the values  appropr ia te  t o  a n  i n t e r n a l  ion. 

A t  equi l ibr ium t h e  t o t a l  f r e e  energy change i s  

The AS 

from the  equi l ibr ium value i s  ZFTJ, where i s  t h e  overvoltage. I 

Since ions  come from t h e  sur face  during the r e a c t i o n ,  we must look f o r  the  repre-  
s e n t a t i v e  ion o r  atom on t h e  sur face .  

t a l  S t r u c t u r g  

The var ious sur face  s i t e s  a r e  shown in f i g .  2. 
atom o r  ion  v a r i e s  according t o  i t s  l a t t i c e  pos i t ion .  
(K.S.) on the  c l o s e  packed planes i s  the  r e p r e s e n t a t i v e  one. 
t h i s  atom i s  equal  t o  the  average energy per atom, provided t h e  r a t i o  o f  surface 
atoms t o  bulk atoms i s  very small. 
t h i s  ion  i s  equal  t o  t h a t  cf an i o n  i n  so lu t ion .  When the  c r y s t a l  i s  b u i l t  up by 
the addi t ion  o f  ions ,  t h e  ion i s  incorporated i n t o  t h i s  s i t e ,  the  " repea tab le  s tep."  
Ions " a t  ledges"  o r  adsorbed on p lanar  s i t e s  have h igher  p o t e n t i a l  energ ies .  
form a new sur face  l a y e r  without  t h e  presence o f  s t e p s  requi res  an "excess 
energy" - nuclea t ion  energy. 
r i n  order  t o  become a nucleus and grow. The value o f  r v a r i e s  i n v e r s e l y  with 
I), where r\ i s  analogous t o  a supersa tura t ion .  

The binding energy of an 

The energy t o  remove 
The kink atom o r  kink s i t e  

A t  equi l ibr ium t h e  electrochemical  p o t e n t i a l  of  

To 

The new c l u s t e r  of  atoms requi res  a c r i t i c a l  rad ius ,  

C '  

The f r e e  energy increase  required f o r  t h e  formation of  a nucleus with 
height  d i s  

where V i s  the  atomic volume and 0 i s  t h e  sur face  energy o f  t h e  edge. 
has es t imated t h a t  a n  TJ of  about 0.1 v would be requi red  f o r  most metals f o r  a s ig-  
n i f i c a n t  rate o f  growth wi th  nu- lea t ion .  This agreed with h i s  f ind ings  fo r  depo- 
s i t i o n  of  Cu on Cu whiskers which were bound by a tomica l ly  f l a t  s u r f a c e s  (3,4). 

Vermilyea 

Analogous t o  growth from t h e  vapor, low values  of  11 s u f f i c e  f o r  e l e c t r o -  
c r y s t a l l i z a t i o n  i n  many cases .  
assumed t h a t  growth occurs  a t  t h e  s t e p s  of screw d i s l o c a t i o n  ( see  f i g .  3 ) .  
i c a l  rad ius  of curva ture  i s  requi red  f o r  the s t e p s  a t  a given 7, a s  i n  t h e  case of 
nucleat ion.  This l e a d s  t o  a ledge  spacing, A, which v a r i e s  i n v e r s e l y  with 9. 

Following the  i d e a s  o f  Burton, e t  a1 (5)  it i s  
A c r i t -  

Advances i n  knowledge on mechanisms o f  c r y s t a l  growth from t h e  vapor have 
furnished the  background f o r  developments in e l e c t r o d e p o s i t i o n  (5 ,6) .  
i s  more complicated, and s p e c i f i c  e f f e c t s  o f  s o l v a t i o n  and f i e l d  s t r e n g t h s  must be 
taken i n t o  considerat ion.  As previous ly  ind ica ted ,  the mechanism must provide f o r  
the  u l t imate  incorpora t ion  of t h e  ion  i n t o  t h e  K.S. when r e a c t i o n  proceeds near  t o  
equi l ibr ium condi t ions  - very low TJ. 

The latter 

Two a l t e r n a t e  paths  m u s t  be considered: Pa th  I - d i r e c t  depos i t ion  o f  an 
ion from the  s o l u t i o n  t o  t h e  K.S.; Path I1 - t r a n s f e r  of t h e  ion  from s o l u t i o n  t o  
an a d s i t e  with subsequent s u r f a c e  d i f f u s i o n  t o  t h e  K.S. In t h e  l a t t e r  case e i t h e r  
transfer t o  a d s i t e  o r  sur face  d i f f u s i o n  m y  be t h e  ra te -de termining  s t e p  (r.d.s.1. 
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Conmy, e t  a1 (7) c a l c u l a t e d  t h e  p o t e n t i a l  energy p r o f i l e s  f o r  t h e  two paths .  
Their n e c e s s a r i l y  q u a l i t a t i v e  results i n d i c a t e  t h a t  a t  low q Path I1 i s  e n e r g e t i c a l l y  
more f e a s i b l e .  
gested the  condi t ions  f o r  e i t h e r  Path I o r  I1 t o  be predominant. 

Mott, e t  a 1  ( 8 ) ,  Vermilyea (3) ,  and Fleischmann, e t  a 1  (2) have sug- 

The bas ic  cons idera t ion  i s  t h e  mean d i f f u s i o n  d i s t a n c e  o f  an adion,  which 

\ h e n  t h e  jump time on t h e  sur face ,  T ~ ,  i s  g r e a t e r  than the  jump 
When T~ < < T, Path I1 w i l l  be s ig-  

T~ - - a'/D where "a" i s  t h e  d i s t a n c e  between the  two a d s i t e s  and D i s  the  

is  determined by i t s  res idence  time on t h e  sur face  and the a c t i v a t i d n  energy f o r  
sur face  d i f fus ion .  
time t o  the  s o l u t i o n ,  7,  Path I w i l l  dominate. 
n i f i c a n t .  
sur face  d i f f u s i o n  cons tan t .  

where Co i s  the ad ion  concent ra t ion  a t  equi l ibr ium and B t h e  anodic t r a n s f e r  coef- 
f i c i e n t .  7 i s  considered a negat ive  q u a n t i t y  f o r  cathodic  polar iza t ion .  Mott, e t  
a 1  (8) suggest t h a t ,  i f  N i s  t h e  concentrat ion o f  K.S., sur face  d i f f u s i o n  w i l l  be 
slow and r a t e  c o n t r o l l i n g  when Na27/TD i 1; and t h a t  t r a n s f e r  w i l l  be r a t e  con- 
t r o l l i n g  when the r a t i o  i s  g r e a t e r  than one. Since 7 increases  as )Ti[ increases ,  
sur face  d i f f u s i o n  c o n t r o l  would be expected a t  lower values o f  7 with a s h i f t  t o  
t r a n s f s r  c o n t r o l  as 7 increases .  

The n e t  c u r r e n t  d e n s i t y  a t  a po in t  x d i s t a n t  from t h e  growth s i t e  a t  a 
tine r, i s  gi-Ten by 

where C i s  the  adion concent ra t ion .  In  the  s teady  s t a t e  C(x) becomes cons tan t  and 
adions d i f f u s e  from x t o  growth s i t e s  a t  the  same r a t e  as they t r a n s f e r  from solu- 
t i o n  t o  a d s i t e s  a t  x. 

Damjanovic and Bockris  (4 )  have t r e a t e d  t h e  s teady s t a t e  condi t ions  
a t  t h e  growth s i t e  and a random d i s t r i b u t i o n  of  d i s l o c a t i o n s ,  assuming C = C 

N/c$. 
in f i g .  6. The r a t i o  

The moael i s  shown i n  f i g .  5. Some r e s u l t s  o f  t h e i r  c a l c u l a t i o n s  are given 

i s  equiva len t  t o  t h e  Mott r a t i o .  
s h i f t s  t o  t r a n s f e r  and a more uniform c u r r e n t  dens i ty .  
in T, produces the same e f f e c t .  These au thors  appear t o  maintain t h a t  even when 
iX/& - 1.0, depos i t ion  i s  t o  a n  a d s i t e ,  and n o t  d i r e c t l y  t o  K.S. 

mann, e t  a1 ( 2 ) ,  and Hurlen (9) .  Expressions f o r  i have been determined by con- 
s i d e r i n g  hemicyl indrical  d i f f u s i o n  from the s o l u t i o n  t o  ledges and hemispherical 
d i f f u s i o n  t o  the K.S. 
t reatment  f o r  c e r t a i n  condi t ions  has n o t  been observed on meta ls  with high io. 

A s  ND increases  f o r  a given 7, t h e  ra te  cont ro l  
For a given ND an increase  

0 

The condi t ions  f o r  Path I have been developed by Vermilyea (31, Fleisch- 

The s t i r r ing-independent  l i m i t i n g  c u r r e n t  pred ica ted  by the  
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The experimental approach t o  determine mechanisms have used t r a n s i e n t  
behavior. 
Of very s h o r t  dura t ion  ,mi l l i seconds .  
l a y e r  without changing the  e x i s t i n g  sur face  s t r u c t u r e .  
t e r n  obtained from t h e  above equat ions al lows the  determinat ion of  Co,  i 
where zFv0 i s  t h e  "d i f fus ion  c u r r e n t "  on t h e  sur face  a t  equi l ibr ium. 
obtained a l s o  make it poss ib le  t o  determine t h e  slow s t e p  of  Path $1. 

m/cm2, C o  - 
7 = 50 Mv. 

The technique involves  t h e  a p p l i c a t i o n  of  c u r r e n t  o r  p o t e n t i a l  pulses  
The o b j e c t  i s  t o  d e p o s i t  l e s s  than a mono- 

and v , 
The use of  t h e  time dependent 

Theoparanis?ers 
(1,2,3,11) 

The r e s u l t s  i n d i c a t e  t h a t  io .- 30-100 Ag has been s tudied  ex tens ive ly .  
moles/cm2 and t h a t  sur face  d i f f u s i o n  i s  the  r.d.s. up t o  about 

The adion appears  t o  have about  30-50% of  i t s  charge i n  s o l u t i o n  
(1  ,2,10). 

Bockris, e t  a1 (11) s t u d i e d  l i q u i d  and s o l i d  gal l ium and showed t h a t  sur- 
face d i f f u s i o n  i s  rate c o n t r o l l i n g  on t h e  s o l i d  up t o  about  't)- 50-100 Mv; but  t h a t  
t r a p s f e r  was t h e  r.d.s. on t h e  l i q u i d ,  as expected. On t h e  o t h e r  hand, Gerischer 
( I O )  found t r a n s f e r  r a t e  c o n t r o l  on both l i q u i d  and s o l i d  Hg. 

The c a s e  f o r  Cu i s  n o t  s o  c l e a r  cu t .  Results indica ted  "mixed" c o n t r o l  
by both sur face  d i f f u s i o n  and t r a n s f e r  a t  low 7 ,  with t r a n s f e r  c o n t r o l  a t  higher  7 .  
The k i n e t i c  parameters show t h a t  t r a n s f e r  involves  the  consecut ive r e a c t i o n s ,  
reduct ion t o  Cu+ i n  t h e  s o l u t i o n  and t r a n s f e r  of  Cu+ (10,12). 

Lorenz (13) showed t h a t  sur face  d i f f u s i o n  i s  t h e  r.d.s. on Zn a t  low T,. 

Bockris, e t  a 1  (14)  found t h a t  Fe has t h e  t r a n s f e r  s t e p  as rate contro - 
l i n g  and t h a t  t h e  reac t ion  i s  ca ta lyzed  by OH-. 
C10,- > SO,- > C 1 -  > Ac- > NO,-. 

Anions a f f e c t  t h e  r a t e  where 

Fleischmann, e t  a1 ( 1  5 )  deposi ted a s i n g l e  l a y e r  o f  N i ,  one u n i t  c e l l  
high, on Hg from thiocyanate  s o l u t i o n s .  Ind ica t ions  a r e  t h a t  depos i t ion  i s  v i a  
Path I1 and t h a t  the r a t e s  of  sur face  d i f f u s i o n  and t r a n s f a r  are comparable. 

Generally t h e  experimental  r e s u l t s  agree  wi th  t h e  t h e o r e t i c a l  develop- 
ments and support  Path I1 as the  predominsnt path f o r  t h e  metals  with r e l a t i v e l y  
high io. The f i e l d  i s  r i p e  f o r  f u r t h e r  experimental work and c l o s e r  s c r u t i n y  o f  
the  t h e o r i e s ,  however. 

mauum& 
Theories and m n y  experimental  observat ions on c r y s t a l  growth a r e  present  

i n  t h e  l i t e r a t u r e  (1,2,5,6,16,19). Growth proceeds by flow of s t e p s  and kinks on 
the  surface.  Macrosteps - v i s i b l e  ones - occur by "bunching" - a c l u s t e r i n g  of  t h e  
smaller atomic s teps .  The morphology of a d e p o s i t  i s  very dependent on t h e  pres- 
ence of  adsorbed impur i t ies ,  c u r r e n t  d e n s i t y ,  and t y p  o f  e l e c t r o l y t e .  Without 
presence of impur i t ies  and a t  low Tl, e x i s t i n g  s t e p s  w i l l  spread; t h e i r  curva ture  
depends upon 7 .  The h igher  7, t h e  g r e a t e r  t h e  curvature .  Formation of mul t i layf - rs  
i s  pr imar i ly  by r o t a t i o n  o f  sc rew-dis loca t ion  s t e p s .  In  the  presence of  impur i t ies  
and/or a t  higher  7 ,  new l a y e r s  nuc lea te .  
l a y e r s ,  s p i r a l s ,  blocks, pyramids, and r idges.  
the  s c r e w d i s l o c a t i o n  mechanism. 
Figures 7 and 8 show l a y e r  and s p i r a l  growth on copper. 

Growth h a b i t s  c o n s i s t  of  m n y  types; e.g., 
The s p i r a l s  are v i s u a l  evidence of 

Pyramids probably develop from s p i r a l  growth. 

o f  t h e  
usuel ly  

When t h e  m e t a l l i c  i o n s  can form an inso luble  compound wi th  a c o n s t i t u e n t  
s o l u t i o n  (e.g., OH-, S=, Cl-), the  s o l i d  compound m y  form on t h e  sur face  .- 
' dur ing  anodic d i s s o l u t i o n .  I f  t h e  f i l m  i s  continuous, metallic i o n s  and/or 
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t h e  nega t ive  ions migr t e  through t h e  f i l m  as  it grows. 
c a s e  f o r  many oxide f i lms such a s  pass ive  f i lms and c a p a c i t o r  f i lms.  
t r a n s p o r t  through t h e  f i l m  i s  u s u a l l y  t h e  r.d.s. 
or  n e a r  t h e  surface. 
depos i t ion  of t h e  ions from s o l u t i o n  and along t h e  sur face .  
e l e c t r o c r y s t a l l i z a t i o n  o f  t h e s e  f i lms  i s  b a s i c a l l y  similar t o  those of t h e  metal 

This is  assumed t o  be the 

Non-continuous f i lms nucleate  on 
The ion ic  

Thei r  growth may be by i o n i c  t r a n s p o r t  through t h e  f i l m  o r  by 
The mechanisms o f  

d e p o s i t s  (23) .  i 
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Fig. I Potential Energy Curves 

F i g . 2  Crystal Model 
[ kpom Knacke (l6)] 
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Fig. 3 Screw Dislocation 
[From Gerischer(lO)] 
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Fig. 4 Double Layer 
[From Gerischer (IO)] 
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Fig. 6 Current Density vs Distancc 
[ From Damjanovic (411 



3 

\ 

I 

Fig. 7 Layer Growth-Copper 
[From Damjanovic ( 1711 

J 

Fig. 8 Spiral Growth-Copper 
[From Seiter ( l a ) ]  
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ELECTRODE REACTIONS IN MOLTEN SALTS 
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I 

While s tudies  of thermodynamic  proper t ies  of molten sa l t s ,  such a s  equi- 
l i b r i u m  potentials,  m o l a r  volumes and phase d i ag rams ,  and t r a n s p o r t  propert ies ,  
such as conductivity and viscosi ty ,  a r e  quite well  advanced, the study of the elec- 
t rode  react ions in  t h e s e  m e d i a ,  which i s  the e s s e n c e  of e lec t rochemis t ry ,  is at 
a v e r y  e a r l y  stage of development. The neglect of e lectrode react ion s tudies  in 
molten s a l t s  probably a r i s e s  f r o m  two f a c t o r s  common t o  high t empera tu re  
heterogeneous react ions.  The react ion r a t e  is  so  high that usual  methods of 
investigation expose only diffusion control and 2 )  the effects of sma l l  impuri t ies  
may  be overwhelming and cause . se r ious  i r reproducibi l i ty  of measu remen t s .  
l a t t e r  is  par t icu lar ly  s e r i o u s  when-one cons iders  the co r ros iveness  of many 
molten sa l t s ,  difficult ies with containers ,  a tmosphe res ,  etc. As a resu l t ,  with 
a few exceptions,  m o s t  s t u d i e s  of e lectrode react ions in  molten sa l t s  a r e  still 
semiquant i ta t ive,  and concerned with identifying the rate-control l ing s tep and the 
pa th(s )  of reaction, o r  i f  diffusion controlled,  the in te rmedia tes  and products  of 
the  overa l l  react ion,  and diffusion coefficients of the reacting species .  Very 
l i t t l e  h a s  been accomplished in  quantitatively determining kinetic p a r a m e t e r s  of 
molten salt react ions,  such  as exchange c u r r e n t s ,  react ion r a t e  constants ,  or 
t r a n s m i s s i o n  coefficients.  
pl ished i n  aqueous s y s t e m s  at o rd ina ry  t e m p e r a t u r e s  a r e  (1):  

s t a t e  condition of e lec t ro lys i s .  The  analysis  of the Tafel  s lopes (i. e. , the slope 
of the plot of overvol tage,  q , vs. log i, the c u r r e n t  densi ty)  provides  the kinetic 
da ta  and insight into mechan i sms .  

2 )  T rans i en t  D. C. techniques or voltammetry,  including polarography 
with slow or  rapid scanning p rocedures  and potentiostatic and galvanostatic 
methods.  In all c a s e s  equat ions relat ing cur ren t ,  voltage and t ime  m a y  be derived, 
a c r i t e r i o n  for  diffusion control  s e t  up,and depar tures  f r o m  diffusion control  in te r -  
p re ted  i n ' t e r m s  of kinet ic  p a r a m e t e r s  and mechanisms.  The u s e  of these  methods 
i n  conjunction with the rotat ing d isc  e lec t rode  h a s  proved t o  be ex t r eme ly  effective 
i n  many cases .  

3) A. C. impedance  measu remen t s  in  which the  frequency dependence of 
the impedance is  m e a s u r e d  to  obtain a polar izat ion res i s tance  and pseudocapacity 
identified with the e lec t rode  react ion and f r o m  which a ra t e  constant  may be cal-  
culated and mechan i sms  deduced. Before this  can be done, however ,  the double 
l a y e r  capaci ty  and r e s i s t a n c e  of the .solution mus t  be de t e rmined  in  the absence 
of the e lec t rode  reaction. 

1) 

The 

The  m o s t  important  methods by which these  a r e  accom- 

1) Current-vol tage cu rves  in which each  point is obtained under  a steady 

Cur ren t  Voltage Curves  and the Oxygen Electrode 

F o r  the f i r s t  method (s teady s ta te  c u r r e n t  voltage c u r v e s )  t o  show any 
kinetic proper t ies  a r a t h e r  slow react ion is required;  and in molten sa l t s  only a 
few gas electrode r e a c t i o n s  a r e  slow enough to have been successful ly  studied by 
th i s  method. An example  of this  is the work  of Janz et al ( 2 )  on the anodic evolu- 
t ion of oxygen f r o m  ca rbona te  m e l t s  on platinum and gold e lec t rodes  in the tem- 
p e r a t u r e  range of 600" to  900°C. The overa l l  react ion f o r  this s y s t e m  is: 

C O ~  -+ C O ~  + 1/2 02 + 2e [ 11 
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The f i r s t  question raised-by J a n z  e t  a1 was  whether the reac t ion  proceeded  by 
direction oxidation of CO; ion a s  in [ 11 or  by a p r io r  dissociation, 

I 

I 

co; co2 + o= 
followed by e lec t rochemica l  oxidation of the oxide ion, 

- 
0- - 1 / 2 0 ,  + 2e [ 2bI 

I F r o m  the tempera ture  coefficient of the overvoltage and the effect of gas  composi- 
tion ( C O ~ / O Z  ratio) on the overpotential ,  it was concluded that p r io r  dissociation 
was involved. 
oxidation of oxide ion shown in [ Zb]. 

The next question cons idered  was the detailed mechan i sm of the 
The p r o c e s s e s  cons idered  were :  

O = + M  - ~ - 0 + 2 e  [ 31 
followed by either:  

[ 4 a ] ,  o r  MO + M O  -. 2M + O2 [ 4 b ] ,  where  M 
i s  the meta l  of the electrode. If [ 31 were  r a t e  controll ing,  the Tafe l  slope would 
be RT/F":. 
cu r ren t  density and R T / 3 F  a t  low c u r r e n t  density. If [4b ]  controlled the r a t e  the 
Tafel  slope would be RT/4F .  The observed  Tafe l  s lopes  der ived  f r o m  the polari-  
zation cu rves  at 600°C corresponded c lose ly  to  the values calculated fo r  s t ep  [ 4a]  
both a t  high and low c u r r e n t  density. 
a t  this t empera tu re  f r o m  molten carbonate  was  identified a s  dissociation 
[ Reaction Za]followed success ive ly  by su r face  oxide format ion  [ Reaction 3 1 ,  and 
e lec t rochemica l  oxygen gas  format ion  [ Reaction 4 a ] ,  the l a s t  being r a t e  control-  
ling. 
the gas  evolution mechanism i s  not ea s i ly  ascer ta ined .  A change in  r a t e  c o n t r d -  
ling s tep  t o  oxide format ion  [ Reaction 31 is not ruled out. 

M - 0  t O= -r M + 0 2  + 2e  

If [ 4a]  were  r a t e  controll ing the Tafel  slope would be R T / F  at high 

Thus  the mechan i sm for  oxygen evolution 

At higher t empera tu res  (nea r  8 0 0 " C ) ,  the Tafe l  s lopes  a r e  not l i nea r  an 1 

On s i lver  e lec t rodes  the reac t ion  i s  apparent ly  much f a s t e r  than on plati- 

amp/cm2,  and Kronenberg ( 3 )  r epor t s  the reaction t o  be r eve r s ib l e  

In fue l  ce l l  applica- 

num and gold since a lmost  no polarization was  observed  by Janz  below a c u r r e n t  
density of 
on s i lve r  between 400" and 600°C since he found the potential to obey the Nerns t  
equation with variation of the par t ia l  p r e s s u r e  of CO, and 0,. 
tions the f requent  u s e  of s i l ve r  a s  a ca ta lys t  fo r  the oxygen e l ec t rode  i n  mol ten  
carbonate  sys t ems  undoubtedly a r i s e s  f r o m  th is  property.  

A. C. Impedance Measuremen t s  

The th i rd  method l i s ted  above, A. C. impedance m e a s u r e m e n t s ,  h a s  
proved to be  v e r y  difficult to 'apply t o  molten s a l t  reac t ions ,  and with a few excep- 
tions (4) ,  has  not been used. 
difficult t o  i n t e rp re t  because of the inabili ty to de t e rmine  the double l a y e r  capa-  
city of the solution in an  unambiguous manner .  
not only f r o m  difficulties with adsorp t ion  of t r a c e  impur i t i e s  but from theore t ica l  
difficulties regarding the applicability of the value obtained in the absence  of th.3 
reducible spec ie s  (5). 

Where i t  h a s  been attempted the r e s u l t s  have been 

The ambiguity of this value a r i s e s  

Rapid-Scan Polarography in  Analytical  Chemis t ry  

The second method, that  involving ,D. C. t r a n s i e n t s ,  h a s  p roved  t o  be the  
m o s t  valuable for the study of molten s a l t  sys t ems .  
graphy and a few other techniques included i n  this group wi l l  now be  i l lus t ra ted  in 
the i r  application to analytical  chemis t ry .  
adapted t o  molten salts was  polarography. 
Lait inen and Osteryoung (4).  
m e r c u r y  can  not be used  a s  an  electrode. 

The u s e  of r ap id - scan  polaro- 

The first of the analytical  methods t o  be 
This  h a s  been  exper t ly  reviewed by 

Except fo r  ve ry  low t empera tu re  m e l t s ,  dropping 
In m o s t  c a s e s  e i ther  the "dipping" 

I , 
:'In all  calculated Tafel slopes it is a s s u m e d  that the s y m m e t r y  f a c t o r ,  p = 1/2 .  

a .  
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e lec t rode  of Lyalikov -?nd Karmazin  (4),  o r  sol id  microe lec t rodes  have been used. 
To make  a dipping e l ec t rode ,  a w i r e  is sheathed with an insulating tube and iner t  
gas  bubbled slowly through the tube. 
a l te rna te ly  contacting the  w i r e  and mixing with the bulk, an action analogous to a 
dropping electrode is  obtained and polarographic  waves have been obtained which 
have been useful in ana lys i s .  Solid microe lec t rodes  have been successful ly  used 
but difficulties have been encountered with changing of the i r  a r e a  d e to the den- 
dr i t ic  deposi ts  usual ly  ubtained f r o m  molten sa l t s ,  and to instabi l i ty  of s e a l s  in 
these  media.  

AS the l iquid r i s e s  and fa l l s  in  the tube, 

7 

Some in te res t ing  recent  work on ana lys i s  in  molten sys tems using rapid-' 
scan  polarography and o ther  'D. C. t rans ien t  methods i s  that of Manning and 
Mamantov (6). T h e s e  a u t h o r s  worked most ly  in  molten f luoride e lec t ro ly tes  at 
t e m p e r a t u r e s  of 500" to  6 0 0 " C ,  and used  a pyrolytic graphi te  indicator  e lectrode 

I t  i s  
h a r d  to  s a y  what e l e c t r o d e  react ion the "quasi-reference" r e p r e s e n t s :  it is l e s s  
noble than the P t ,  Pt++ e l e c t r o d e  potential  by a t  l e a s t  one volt, which would 
r e p r e s e n t  a vanishingly s m a l l  concentrat ion of Pt", cer ta in ly  insufficient to give 
a ' s tab le  and reproducible  e lectrode.  It i s ,  however,  surpr i s ing ly  s table ,  and may 
r e p r e s e n t  a redox r e a c t i o n  of an impur i ty  common t o  the mel t s ,  possibly iron. 
The observed  potential  is not far f r o m  the F e 3 + / F e z +  potential  i n  f luorides ,  and 
i ron  is a common impur i ty .  

.and a plat inum w i r e  dipped in the melt  a s  a "quasi-reference" electrode.  

Nickel i n  the  a lka l i  f luoride t e r n a r y  eutect ic  was determined by rapid- 
scan polarography and anodic  s t r ipping techniques.  
ing c u r r e n t  was propor t iona l  to concentrat ion in the range studied (10- 100 ppm N i )  
and the electrode reac t ion  was revers ib le .  
fusion controlled at  high s c a n  r a t e s ,  the diffusion coefficients and the activation 
energy  of diffusion ( the c u r r e n t  l imit ing p r o c e s s )  could be calculated f r o m  the 
l inear  plots  of. peak c u r r e n t  a t  known concentrat ion vs .  
ra te .  An activation e n e r g y  of 18 kca l /mole  was  found which i s  about twice the 
value found by Senderofi  and M e l l o r s  (7)  for  t rans i t ion  meta l  ions in  the s a m e  sol- 
vent, and the  diffusion coeff ic ient  of ?. 5 x c m 2 / s e c  at 600°C i s  lower by a 
fac tor  of a t  l eas t  2 than one would expect.  These  anomalous values  suggest  the 
possibi l i ty- that  the e l e c t r o d e  p r o c e s s  is not t ru ly  diffusion l imited and that  some 
kinetic p r o c e s s  m a y  be involved a s  well ,  o r  that  s o m e  experimental  difficulties 
have interfered.  

At  high scan r a t e s  the l imi t -  

Since the react ion appeared  to  be d i f -  

the square  root of the scan 

~ 

I ron  in the s a m e  solvent  ( L i F - N a F - K F )  and in  the L i F - B e F 2  eutect ic  was 
determined  by rapid-  s c a n  polarography (* l V / m i n )  and  by chronopotentiometry.  
Again at high scan  r a t e s  the' reac t ions  appeared  to  be diffusion control led and 
revers ib le .  The diffusion coefficient of Fez+ obtained by chronopotentiometry was 
l a r g e r  than that f r o m  polarography and the difference h a s  been a s c r i b e d  to  experi-  
menta l  difficulties with t h e  chronopotent iometry.  However,  a s  noted-above. the 
diffusion coefficient obtained by polarography m a y  be too small. 
niques have been applied t o  uran ium and zirconium i n  LiF-NaF-KF solvent though 
in the  l a t t e r  case  the re la t ionship  between wave height and concentrat ion was  
e r r a t i c .  This  may have been  due to a t tack on zirconium by the solvent. 

The s a m e  tech- 

C h r  onopotentiometr y and Electroplat ing 

Final ly ,  an i l lus t ra t ion  of the application of galvanostatic t rans ien t  tech-  
niques (commonly ca l led  chronopotent iometry)  to  the study of the mechanisms of 
the e lec t rode  reac t ions  i n  e lectroplat ing of m e t a l s  f r o m  molten f luorides  will be 
presented.  

When electrodeposi t ing meta ls  in the solid s ta te  f r o m  molten sa l t  e lectro-  
ly tes ,  powders  and d e n d r i t e s  a r e  usual ly  obtained. However,  it was  shown by 
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Mel lors  and Senderoff ( 7 )  that  the e lec t ro lys i s  of pure  f luoride m e l t s  under  cer ta in  
conditions produces dense ,  thick,  coherent  deposi ts  of chromium,  molybdenum, 
tungsten,  vanadium, niobium, .tantalum, zirconium, and hafnium. In a n  effor t  
t o  de te rmine- the  unique proper t ies  of t h i s  s y s t e m  a study of the cathode reac t ions  
by chronopotent iometry was  undertaken. 
c u r r e n t  is applied to  a ce l l  f o r  a t i m e  long compared  t o  the charging t i m e  of the 

-)double l a y e r ,  but not long enough for convection to  become signific nt  a t  the e lec-  1 t rode.  In the molten f luoride a t  600" to  800°C th i s  t i m e  range  was r ound t o  be a 
' few tenths  of a second to about 1 sec .  
,' t i a l - t ime curve  i s  displayed on a n  osci l loscope and recorded  photographically, 
\ the potential  being taken with r e s p e c t  to  a s table  revers ib le  re ference  electrode.  

The r e f e r e n c e  electrode used  j n  th i s  work  was  the Ni/NiF2,  a lkal i  f luor ide  / / h a l f -  
) cel l  which was  reproducible  under  these  conditions to  about k25mv. 

h t w c e n  the re ference  e lec t rode  and electrolyte  under  study was m a d e  with a 
porous alumina bridge impregnated  with the solvent which was  the KF-NaF-LiF  
eutectic in  mos t  cases .  All  work  was  done in  a n  a rgon  a tmosphere  in  a special  
ce l l  i n  which a l l  components were  suspended f r o m  a plast ic  insulating cover  a t  
the top of the ce l l  and allowed to  hang in  the hot zone without touching e a c h  other  
o r  the ce l l  envelope. The 
indicator  e lec t rode  was  a 1 cm2  disc  of plat inum o r  of the r e f r a c t o r y  me ta l  under  
study suspended in  the electrolyte  by a f ine w i r e  without the u s e  of any  insulator .  
The counter  e lectrode was  in  a lmos t  all c a s e s  the me ta l  under  study. 
chronopotent iograms a t  var ious  leve ls  of c u r r e n t ,  t e m p e r a t u r e ,  and concentrat ion 

which tantalum is plated. 
s teps  ac,cording to ,  the . scheme:  

By th i s  method, a .pu lse  of constant  

During the  passage  of thi,s pu lse  the poten- 

Contact  

The ce l l  h a s  been thoroughly descr ibed  e l sewhere  (7) .  

Cathodic 

, were  run  on a solution of K2TaF7 in KF-LiF-NaF  eutectic s i m i l a r  t o  that f r o m  
They showed that  tantalum i s  reduced t o  me ta l  in two 

( T a F ,  )-2(1 ) + 3e -TaF2(s)  + 5F-( l  ) [ 5 4  

TaF2(s)  + 2e -Tao( s )  + 2 F - ( P ) ,  5b1 
The  f i r s t  s t e p . i s  revers ib le  and diffusion controlled.  

Cathodic-anodic 
chronopotentiometry, in which a cathodic pulse  of a few ten ths  of a second is fol-  
lowed immedia te ly  by an anodic pulse ,  s e r v e s  t o  identify the in te rmedia te ,  TaF2,  
as a m a t e r i a l  v e r y  slightly soluble in  the electrolyte .  
on the e lec t rode  is' believed t o  be  the s o u r c e  of the i r revers ib i l i ty  of the  second 
step. Since the f i r s t  s tep  is diffusion control led,  the diffusion coefficient of the 
react ing spec ies  and activation ene rgy  f o r  diffusion could be calculated from the 
da ta  and  t h e y . w e r e  shown t o  be  of magnitude expected f o r  a n  ion such  as (TaF7)- '  

, which had been shown by IR spec t roscopy t o  be the only significant tantalum-con-  
taining spec ies  present  in  solution. 

The second s t e p  by which the $ meta l  i s  produced, is i r r e v e r s i b l e  and not diffusion controlled.  
.~ 

I t s  exis tence as a solid film 
1 
' 

A similar study with a solution of K2NbF, in  the same solvent  showed a 
) t h r e e  s tep  reduction: 

(NbF, ) - 2 ( L  ) + l e  -. (NbF,-X)(3-X)-(l ) + xF-(P ) [ 6aI 

(NbF7-x)('-x) ( 1 )  + 3e - N b F ( s  o r l )  + (6-x) F - ( f )  [ 6bI 

[ 6cl NbF(s  or  L )  + l e  - Nbo(s)  + F - ( l )  

The f i r s t  two s t e p s  a r e  diffusion control led and revers ib le ,  the last s t e p  is not dif- 
fusion control led and i r r e v e r s i b l e .  

',that the intermediate  produced i n  s tep  2 ,  NbF, is only sl ightly soluble in  a solution 
in which the mean  valence of niobium is c lose  to 4 ,  but is  rapidly a t tacked  and 
d isso lves  in  a solution in  which the mean valence of niobium is 5. 
that  i n  o r d e r  t o  plate niobium, the m e a n  valence of the solution must be  less than 
4. .2 ,  while in  the c a s e  of tantalum coherent  plates  c a n  be obtained f r o m  a penta- 
valent solution. In the l a t t e r  c a s e  the in te rmedia te  is not a t tacked o r  dissolved by 
the  pentavalent solution. 
producing step [ bc] i s  believed to  ar ise  f r o m  a sol id  film of NbF on the  electrode.  

Cathodic-anodic chronopotent iometry showed 

It  is significant 
1 , 

As in the c a s e  of tantalum, the i r r e v e r s i b i l i t y  of the metal  

I 



36 

The study of z i rconium deposit ion by chronopotentiometry was made 
difficult by in te r fe rence  of an alkal i  me ta l  reduction wave with that  of zirconium, 
but i t  was  shown that the plating occur s  a s  a single 4-e lec t ron  i r r e v e r s i b l e  reduc- 
tion. The i r r e v e r s i b i l i t y  is believed to a r i s e  f r o m  a co r ros ion  react ion in which 
potassium metal  is produced by at tack of the zirconium by the electrolyte:  i. e . ,  
Zr + 4- - ZrF,  + 4K(g). 

Chronopotent iometr ic  s tudies  of the reduction of molybdenum and tungsten 
solutions to me ta l  w e r e , m a d e  diff icul t  by the instabil i ty of the v e r y  dilute solutions 
r e q u i r e d  for  chronopotent iometr ic  work. While the plating solutions a r e  stable,  
the 10- to  50-fold di lut ions requi red  f o r  chronopotentiometry a r e  not. However, 
it w a s  shown tha t  i n  both c a s e s  the me ta l  is produced in single s tep  i r r e v e r s i b l e  
reductions.  
of a polynuclear t o  mononuclear  anion preceding the reduction step. 

The i r r e v e r s i b i l i t y  is believed to  a r i s e  f r o m  the slow dissociation 

The chronopotent iogram of Cr3+ -. C r o  showed a revers ib le  s tep,  
Cr3+ -. C r Z +  followed by the  i r r e v e r s i b l e  s tep  CrZ+ -. Cr'. 
i r r e v e r s i b i l i t y  h a s  not been ascer ta ined.  
h s i o n - c o n t r o l l e d  r e v e r s i b l e  s teps  Fe3+ + F e z +  -. F e o .  
c a s e s  of i ron and of nickel ,  coherent  deposi ts  cannot be obtained. 
can  be fo rmed  over  a thin diffusion layer  of metal .  
probably revers ib le ,  o r  v e r y  near ly  so (6). 

The or igin of the 
That f o r  Fe3+ - F e o  showed two dif- 

It is  significant that  in the 
Only dendrites 

The nickel reduction is also 

These r e s u l t s  suggest  that  the necessa ry ,  though not sufficient condition 
f o r  the electrodeposi t ion of dense,  coherent ,  thick deposi ts  of m e t a l s  f r o m  molten 
s a l t s  is that t h e r e  be s o m e  i r r e v e r s i b i l i t y  in the me ta l  producing s tep  of the elec-  
t r o d e  process .  I t  is probable  that  the solid f i lms ,  co r ros ion  of the electrode,  o r  
slow chemical  s teps  which cause  the i r r e v e r s i b i l i t y  inhibit the continued growth 
of dendri tes  and f o s t e r  nucleation of new crys ta l s .  

I 
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.The present  paper  U J C U  i i ~ t  attetilpi 'LO be exhaust ive!  but r a t h e r  
t o  focus a t t e n t i o n  on CcrLaiiI t r e n d s ,  which seem of major importance 
:or f u t u r e  s t u d i e s  w i t h  par i ; icular  r e f e r e n c e  t o  unsolved problems. 
Consequently, only 3 miii&mum number of r e f e r e n c e s  a r e  c i t e d .  

II\TVEST I GAT IVE TECHNICS 

i n v e s t i g a t i o n  and u t l l i z a t i o n  o f  organic  e l e c t r o d e  p r o c e s s e s ,  include 
(1) t h r e e - e l e c t r o d e  c 9 n f i g u r a t i o n s ,  l a r g e l y  involving o p e r a t i o n a l  am- 
p l i f i e r  c o n t r o l  systcms , which have minimized t h e  problems a s s o c i a t e d  
with t h e  l a r g e  i R  drop i n  nmaqueaus s o l u t i o n s ,  ( 2 )  r e l i a b l e  i n d i c a t -  
ing  e l e c t r o d e s  based on g r a p h i t e ,  which have extended t h e  p o t e n t i a l  
range a v s i l a b l c  for studying e lec t rochcmica l  o x i d a t i o n s ,  ( 3 )  cycli.2 
voltanmetry f r  t h e  i d e n t i f l c a t i o n  of r e v e r s i b l e  redox couples  and 
Crequent l y  of e l e  c t r o a  c t i v c  in te rmedia tes  f ormed e i t h e r  chemically o r  
e l e c t r o l y t i c a l l y  ( r e c e n t  papers  an t h e  theory  of s t a t i o n a r y  e l e c t r o d e  
polarography by Shain,  Nicholson, e t  a l .  (1) may provide t h e  means 
for q u a n t i t a t i v e l y  rcsolvi i ig  t h e  e lec t rochemica l  and a s s o c i a t e d  chemi- 
c a l  s t e p s  i n  e l e c t r o d e  p r o c e s s e s ) ,  ( 4 )  a l t e r n a t i n g  c u r r e n t  polaro-  
graphy and tensarnnetrg, p a r t i c u l a r l y  for studying a d s o r p t i o n  pheno - 
mcna, and ( 5 )  the  use oi' o p t i c a l  and magnetic resonance spectrosco:lic 
t e c h n i c s  for ideht i f 'y ing e l e c t r o d e  r e a c t i o n  products  and intermedi- 
a t e s ,  e.g.,.(a) e l e c t r a n  s p i n  resonance t o  d e t e c t  t r a n s i t o r y  f r e e  
r a d i c a l  in te rmedia tes ,  ( b )  e l l ipsometry  t o  i n v e s t i g a t e  e l e c t r o d e  s u -  
face  phenomena inc luding  f i l m  formation,  ( c )  i n t e r n a l  r e f l e c t a n c e  
t e c h n i c s  t o  d e t e c t  and i d e n t i f y  e l e c t r o d e  r e a c t i o n  in te rmedia tes  i n  
t h e  s o l u t i o n - e l e c t r a d e  i n t e r f a c i - a 1  r e g i o n  during e l e c t r o l y s i s ,  ( d )  
o p t i c a l l y  t ransparent  e l e c t r o d e s  T o r  t h e  concurrent  examination of 
s o l u t i o n s  during e l e c t r o l y s i s  by absorp t ion  spectrophotometry or in-  
t e r n a l  r e f l e c t a n c e  spec t roscJpy ,  and ( e )  examination of luminescence 
phenomena which accompany the  e l e c t r o l y t i c  genera t ion  o f  c e r t a i n  f r e e  
r a d i c a l s .  

Developm,ents i n  t e c h n i c s  of p a r t i c u l a r  re levance f o r  t h e  fu ture  

E l e c t r o l y s i s  a t  c o n t r o l l e d  e l e c t r o d e  p o t e n t i a l ,  a l though by now 
a r e l a t i v e l y  o l d  t e c h n i c ,  i s  s t i l l  f r e q u e n t l y  e s s e n t i a l  i n  prepar ing  
s u f f i c i e n t l y  l a r g e  amounts of products  t o  permit t h e i r  i s o l a t i o n ,  
c h a r a c t e r i z a t i o n ,  i d e n t i f i c a t i o n  and de termina t ion .  

ROLE 09 THE CHEMICAL ENVIRQNMENT 
Since i t  i s  obviousl)  d i f f i c u l t  t o  e x p l a i n  s a t i s f ' a c t o r i l y  t h e  

course of  many e lec t rochemica l  processes  u n l e s s  t h e  r e l e v a n t  environ- 
ment i s  s u f f i c i e n t l y  wel l  c h a r a c t e r i z e d ,  considerable  a t t e n t i o n  ha,; 
been focused on t h e  locus  of t h e  e l e c t r o d e  r e a c t i o n  ( t h e . s o l u t i o n -  
e l e c t r o d e  i n t e r f a c e  c)r t h e  e l e c t r i c a l  double l a y e r ,  EDL) and on t h e  
r o l e  of t h e  t e s t  s o l u t i o n  camposition. 

The s t r u c t u r e  of the  EDL and i t s  r o l e  i n  e lec t rochemica l  k i n e t i c s  
and t h e r e f o r e  i n  aetermining the  p o t e n t i a l s  of i r r e v e r s i b l e  processes ,  
which inc lude  most organic  e l e c t r o d e  r e a c t i o n s ,  a r e  well  summarized 
i n  * lahay ' s  recent  book ( 2 ) .  
compounds, i n s u f f i c i e n t  a t t e n t i o n  i s  y e t  being g iven  t o  t h e  a c t u a l  
e f f e c t s  of a d s x p t i o n  3n the  e l e c t r o d e  and o f  t h e  p o t e n t i a l  v a r i a t i o n  

Unfortunately,  i n  t h e  case  o f  organic  



i n  t he  double l a y e r  a s  r evea led  b y  t h e  ex tens ive  s t u d i e s  by Frumkin, 
Parsons,  Mairanovsxil and o t h e r s .  There i s  l i t t l e  doubt but that ,  i n  
t h e  f u t u r e ,  t h e  d e i ' i n l t i o n  o f  . t h e  p o t e n t i a l  v a r i a t i o n  i n  t h e  EDL w i l l  
be a dominant f a c t o r  Li1 ob ta in ing  a more d e t a i l e d  p i c t u r e  of electrode 
p r o c e s s e s .  A t  p r e s e n t ,  t h e r e  i s  an unfor tuna te  tendency by some 
polarographers  t o  use p s i  and r e l a t e d  p o t e n t i a l s  a s  a deus ex machina 
i n  expla in ing  phenomenGs  beizig due t o  such poten t ia l -hc  
a c t u a l  values e i t h e r  a r e  not known or have been guessed A t  from other  
s t u d i e s ,  which may o r  may not be r e l e v a n t .  

a t i o n  between su r face  and volume r e a c t i o n s ,  e . g . ,  work of Mairanosvkii, 
and t h e  r e v i v a l  of i n t e r e s t  i n  t h e  c o r r e l a t i o n  of e l e c t r o c a p i l l a r y  and 

Related items include t h e  i n c r e a s i n g  i n t e r e s t  i n  t h e  d i f f e r e n t i -  

, c u r r e n t - p o t e n t i a l  c u r v e s .  

Nonaqueous Diedia . Current i n t e r e s t  i n  t he  e l ec t rochemis t ry  o f  
o rganic  c o m p o u n d m n o n a q u e o u s  media i s  due not on ly  t o  the  p r a c t i -  
c a l  f a c t o r s  of i nc reased  solvent  power and decreased s o l v o l y s i s ,  but 
a l s o  t o  t h e o r e t i c a l  c o n s i d e r a t i o n s ,  e . g .  :. medium e f f e c t s  on (1) mass 
t r a n s p o r t  through v i s c o s i t y  and s o l v a t i o n ,  and ( 2 )  t h e  p o t e n t i a l - r e -  
a c t i o n  r e l a t i o n s h i p  through i t s  p a r t i c i p a t i o n  d i r e c t l y  o r  v i a  derived 
s p e c i e s  i n  ( a )  t h e  priinary e lec t rochemica l  r e a c t i o n ;  ( b )  p o l a r i z a t i o n  
or' the  r e a c t a n t  molecules ,  ( c )  accompanying and intermediate  chemical 
r e ' ac t ions ,  inc luding  i o n - p a i r  formation, and ( d )  t h e  s t r u c t u r e  of the 
EEL. 

df I ; I ~ J o ~ ~  i!ii>,ulzLclnco I', L '  i ' i i  . . i . , ~ : '  I I : ~ ' ~ :  i - 1  H W ~ X ~ < ~ L I C O U S  ; ~ c d i i i  j.3 the 
e ' . L '  3bdtlishinent oi '  potent:'-al oca l c s  which w i i l  permit coi+i.elution of' 
da t a  obtained i n  aqu.eous aixi nonaqueous rnedi.2. The problems involved 
and time poss ib l e  s o l u t i o n s  have been explored by Kolthoi'f ( 3 )  i n  a 
r e c e n t  comprehensive paper. on polarography i n  organic  soivenTs . There 
i s  also a need for moi.e csreCu1 e l u c i d a t i o n  o f  the r e ' i c t i v i t y  o l  t h ?  
LO.' .Tent and i t a  poss:l 1.c par,'. . . ~ c l . l , , ~ ~ . i . o n  i r  e l c c t w d e  p rocesses ,  e .r;. : 
pyr iu ine  would i ' a c i l i L a t e  oIS~i;ariic oxiclatidnii ,  which involvc removal 
o f  p ro tons  and/or format ion  02 carSonlum i o n s ,  by a c t i n g  a s  a proton. 
accep to r  and a carbonium ion  s t a b i l i z e r .  B e t t e r  eva lua t ion  i s  des i r -  
a b l e  o f  t he  p u r i t y  o f  s o l v e n t s  i n  r e s p e c t  t o  t h e  e f f e c t  o f  small  a- 

. -  mounts of impuri ty ,  e s p e c i a l l y  su r face -ac t ive  agen t s  and water,  e .g., 
O . O l $  water i n  a t y p i c a l  solvent  corresponds t o  a 4 or 5 mM water so- 
l u t i o n .  The e f f e c t  o f  such r e s i d u a l  water i n  commonly overlooked ex- 
cep t  when the p r e s e n c e ' o f  a hydrogen ion  source i s  r equ i r ed  t o  com- 
p l e t e  a p o s t u l a t e d  r e a c t i o n  scheme. 

Proton P a r t i c i p a t i o n .  ;Ihile r a t i o n a l i z a t i o n  of t he  experi-  
m e n t a m a t i o n  o f  E wi th  pH has been q u i t e  wel l  done, t he  theo- 
r i e s  and equat ions de&%ed to r a t i o n a l i z e  such behavior have not been 
e n t i r e l y  s a t i s f a c t o r y ,  clue p r i m a r i l y  t o  (1) u n c e r t a i n t i e s  I n  t h e  a s -  
suinptions made and i n  t h e  terms used i n  t h e  equa t ions ,  (2)  l a c k  of 
s p e c i f i c i t y  i n  r e s p e c t  t o  t h e  phys ica l  p rocess  which the  equat ion  
aims t o  desc r ibe ,  and (3) u n c e r t a i n t i e s  i n  t h e  experimental  da t a  (4 )  - 
The na tu re  o f  pH-dependent processes  has been e l u c i d a t e d  by t h e i r  i n -  
v e s t i g a t i o n  i n  proton-poor s g l v e n t s ,  coupled wi th  t h e  c o n t r o l l e d  addi- 
t i o n  o f  pro ton  donors ,  e . g . ,  phenol.  A problem, which mer i t s  f u r t h e r  
i n v e s t i g a t i o n ,  i s  tha t  o f  t h e  r o l e  of  Lewis a c i d s  i n  f a c i l i t a t i n g  o r -  
ganic  r educ t ion  proce- -  o u e s .  

Background E l e c t r o l y t e .  The e f f e c t s  o f  background e l e c t r o l y t e  
and o t h e r  s o l u t i o n  components on t h e  observed e lec t rochemica l  behavior 
o f  zrganic  compounds a& f requen t ly  q u i t e  marked and involve,  among 



9 t h ~ r  Lei.1:~ acid-kzse aGilu.ct C q L i i i i t i ' i a ,  Loli-paii-i1ig, and charge- 
;) t r a n s f e r  c m p l e s  for;nati . jn,  ( 6 )  proton  i?ctivj.ty and c o n c ~ n t i ~ a t i o n a l  ' s t a b i l i t y ,  e .:. , bufl 'ering , and ( 7 )  Icinct.: c s  of  t h e  var i3us  e q u i l i b r i a  
; l i s t e d  a s  we l l  2 s  o f  o t h e r s  j.nvolvlng the  c l e c t r o a c t i v e  s p e c i e s ,  e . S . ,  
1 ;cs -'srination . from a inwe s t a b l e  s o l u t i o n  cmponent  . 11opeful1.y: 
, f u t u ~ e  s t u d i e s  w i l l  provide more deta-; lcd imdels  For t he  rat . i .snalizn-- 
' t l a n  of e l e c t r o l y t e  e f f e c t s .  
\ ELECTilOX REACTION DECHANISMS 

I Current concep t ims  of  t h e  mechanism of organic  e lec- t rode  pro- 
cesses  i:?.vc been r e c e n t l y  summarized by P e r r i n  ( 5 ) .  Descr ip t ions  ol' 

b, such processes  f r equen t ly  s t l l l  merely involve t h  l i s t i n g  of t h e  
p r Jduc t s  01' t he  clecti-ode r e a c t i o n  wi th ,  i n  some cases ,  more or l e s s  

1 specu la t ive  g s s t u l a t l o n  o f  in te rmedia tes  farmed during t h e  r e a c t i o n .  
) Cnly i n  a Tc:: cases  has t h e r e  been s u f f i c i e n t l y  d e t a i l e d  experioiental 
I ev.ldence t o  aLlow t h e  p o s t u l a t i o n  of  s t r u c t u r e s  f o r  t he  t r a n s i t i o n  

r ;Later; i n v j l v e d .  

\ 

On t h i s  b a s i s ,  one can p o s t u l a t e  t h e  gene ra l  mechanism, ou t l ined  
i n  ;pig. 1, involv ing  a gene ra l i zed  carbon r e a c t i o n  s i t e ,  R:X, where R 
i*cpreuenr;s t h e  r e a c t i v e  carbon cen te r  and X another  carbon, oxygen, 
: i i t rogen ,  halogen or o the r  atom. There may be more than  one bond bet-  
ween R and X ,  e . g . ,  i n  an  o l e f i n i c  or carbonyl group. (Elcctrochemi- 
cz? r educ t ion  i s  i l l u s t r a t e d ,  s ince  it has been much more ex tens ive ly  
s t ~ t c i :  e d than  e 1 e c t r a c heiiiica 1 ox i  da t ion  ; genera 11 y ana 1 ogou s p a t t e r n s  
can be farrnulated f o r  t h e  l a t t e r  . )  

I n  t h e  primary s t e p  of t he  e l e c t r o d e  p rocess ,  t he  r e a c t i o n  s i t e  
'h 12cep'ir; a s-ingle e1ecl;ron t o  form t h e  e l ec t rode  a c t i v a t e d  complex, 

vrkloh can then e i t h e r  r e v e r t  t o  t h e  o r l z i n a l  spec ie s  or d i s s o c i a t e  t o  
e;vc a f r e e  r a d i c a l  p recu r so r  and a n  an ion ic  spec ies ;  i f  a mul t ip l e  
bond was o r , i g ina l ly  p re sen t  between R and X, t hese  t w o  spec ie s  could 
Corn a s i n g l e  f r e e  r a d i c a l  an ion .  The exac t  na tu re  of  t h e s e  spec ie s  
w i l l  be modified by the  e x t e n t  3f p a r t i c i p a t i o n  of  p ro tons ,  so lven t  
molecules and o the r  s o l u t i o n  c o n s t i t u e n t s  or even t h e  e l e c t r o d e  su r -  
Tact ( p a r t i c i p a t i o n  of t h e  l a t t e r  spec ie s  i n  subsequent s t e p s ,  a l -  

l l n e S ( 6 ) k  organic  e l e c t r o d e  processes ,  which not  only r a t i o n a l i z e s  
1 :he Zencrs l  course o f  such processes  but also t h e  occas iona l  changes 
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though not e x p l i c i t l y  i n d i c a t e d ,  may be involved.)  

The f r e e  r a d c a l  p recu r so r  e i t h e r  immediately on formation can 
accep t  a second e l e c t r o n  and be reduced t o  3 carbanion o r  can e x i s t  
a s  a s t a b l e  f r e e  r a d i c a l  s p e c i e s .  The l a t t e r  can e i t h e r  dimerize o r ,  
a t  more negative p o t e n t i a l ,  be f u r t h e r  reduced t o  t h e  equivalent  of 
a carbanion. The charge on the  carbanion, formed by e i t h e r  p a t h ,  can 
be n e u t r a l i z e d  e i m e r  by acceptance o f  a p ro ton  from thd s o l u t i o n  o r  
by e l e c t r o n i c  rearrangement w i t h  t h e  charge being t r a n s f e r r e d  t o  
another  p a r t  of t h e  molecule where it can be s u i t a b l y  handled. 

Chemical r e a c t i o n s  preceding,  accotnpanying o r  following the  
cha rge - t r ans fe r  p r o c e s s  may - and o f t e n  do - p l a y  s i g n i f i c a n t  r o l e s  
i n  the  o v e r a l l  p r o c e s s ,  e .g., t h e  p o s s i b l y  profound’ e f f e c t  of the 
k i n e t i c s  o f  such r e a c t i o n s  upon t h e  observed polarographic  p a t t e r n .  

p a t t e r n  of f i v e  po la rograph ic  waves observed i n  the r educ t ion  of py-ri- 
,midine i n  aqueous s o l u t i o n .  A s  an example of a more d e t a i l e d  postula-  
t i o n  o f  an  organic  e l e c t r o d e  process  with r e s p e c t  t o  the  s i t e  a t  which 
e l e c t r o n  t r a n s f e r  occur s ,  t he  r educ t ion  of  a ketone i n  a c i d i c  s o l u t i o n ,  
which r e s u l t s  i n  two le waves ( I :  pN-dependent; 11: n e a r l y  pH-indepen- 
d e n t )  w i l l  be cons ide red .  

T i m e  will probably  not a l low d i s c u s s i o n  of  (1) s t r u c t u r e  i n  caus- 
i n g  s t e r l c  hindrance,  i n  t h e  s t e r i c  con t ro l  0 .C  .products,  and i n  s t e r e -  

organic  e l e c t r o d e  r e a c t i o n s  (2. e f f e c t  of adso rp t ion  o f  organic  com- 
pounds on t h e i r  e l e c t r o c h e n l c a l  k i n e t i c s ) .  

The r e a c t i o n  scheme o u t l i n e d  w i l l  be i l l u s t r a t e d  by t h e  complex, 

c c l e c t m d e  re:rc’ilons, ST’ ( 2 )  t h e  rc1stivel.y scan ty  moaoure- 
heterogenecxs r a t e  cvnstnnts  and timxjCer c o e f f i c l e n t s  f o r  

HALF-UAVE POTENTIAL CORRELATION , 

Cor re l a t ion  o f  p o l n r o ~ ; i - a p h i c  valuers w i t h  numerical s t r u c t u r -  
a l  and r e a c t i v i t y  c h a r a c t e r i s t i c s  i s  u s u a l l y  based on the p o s t u l a t i o n  
that, t h e .  c h a r a c , t e r i s t i c  E112 of  a compound i s  a func t ion  o f  e l ec t ron -  
d e n s i t y  and o t h e r  f a c t o r s ,  which, i n  t u r n ,  a r e  a l s o  r e l a t i v e l y  simply 
r e l a t e d  t o  some b i o l o g i c a l ,  phys i ca l  o r  chemical p rope r ty .  The f r e -  
quen t ly  r e s u l t i n g  l i n e a r  r e l a t i o n s h i p  between E1 2 f o r  a s e r i e s  of  
more or l e s s  c l o s e l y  r e l a t e d  compounds and a s u i i a b l y  s e l e c t e d  mathe- 
ma t i ca l  func t lon  o f  t h e  values  of  t h e  g iven  p rope r ty  f o r  t h a t  s e r i e s  
o f  compounds pe rmi t s  (1) p r e d i c t i o n  o f  t h e  magnitude of t h e  proper ty  
o f  a compound. from i t s  r e a d i l y  measured E1 and ( 2 )  t h e  r a p i d  compa- 

The l a rge  v a r i e t y  of experimental  and t h e o r e t i c a l  p r o p e r t i e s  and 
1/2 r a t i v e  eva lua t ion  of  a proper ty  based on d omparison of E va lues .  

phenomena, which have becn compared t o  po la rograph ica l ly  determined 
p o t e n t i a l  d a t a ,  include photoioni.zation p o t e n t i a l s ,  degree o f  carcino- 
g e n e s i s ,  Wavelengths of spectrophotometric abso rp t ion  maxima, a n t i -  
ox idant  a b i l i t y ,  quantum mechanically c a l c u l a t e d  parameters ,  and 
s t r u c t u r a l  summation c h a r a c t e r i s t i c s .  The bes t  known and most exten- 
s i v e l y  used c o r r e l a t i o n s  have involved va r ious  forms of  the  Hammett 
sigma-rho equat ion  based on ,polar s u b s t i t u e n t  q u a n t i t i e s  and t h e  Taft  
m i m i o n  ( c f .  rev iews  .by Zuman ( 7 )  and P e r r i n )  . 

l a r o g r a p h i c ’ d a t a  g e n e r a l l y  involve t h e  quantum mechanically ca l cu la t ed  
e n e r g i e s  s o r  adding a n  e l e c t r o n  t o  t h e  lowest empty M.O. o r  removing 
one from the  h ighes t  occupied M.O. A p r i o r i ,  t h e  optimum approach 
would seem t o  invo lve  t h e  use of  e lec t rochemica l  da t a  based on i n i t i a l  

- - 
Cor re l a t ions  of ‘molecular o r b i t a l  (M.O.) c a l c u l a t i o n s  wi th  po- 



l e  processes ,  s ince  the  ? i . a .  da ta  apply t o  such processes .  
lz processes  can be observed f o r  some organic  compounds i n  aqueous 
mzdia, i n  the  case o f  o t h e r  compounds. if ieaarernents i n  nonaqueous 
media a r e  necessary.  The v a l i d i t y  of t h i s  approach i s  shown by t h e  
work of S t r e i t w i e s e r  and oIUhers on the  c o r r e l a t i o n  of  p o t e n t i a l s  f o r  
t h e  oxida t ion  of organic  coinpounds i n  nonacueous media a t  plat inum 
e l e c i r o d e s  with a v a r i e t y  of  c a l c u l a t e d  values  based on 7 .O . theory  (cf. review by Zahrailnik and Parkanyi (4). 

APPLICABILITY OF O R G A N I C  dLZCTROCHEMISTRY 
F i n a l l y ,  re fe rence  should be made L O  some a p p l i c a t i o n s  based on 

t h e  s tudy  of organic  e lectrochemical  p r o c e s s e s ,  e .g.  , t h e  use of  po- 
larography i n  e l u c i d a t i n g  problems i n  organic  chemistry involv ing  
e q u i l i b r i a ,  r a t e s  and mechanisms, s y n t h e s i s  and s t r u c t u r e .  

The s tudy of in te racLions  i s  t y p i f i e d  by Peover 's  work on donor- 
acceptor  charge- t ransfer  complexes i n  nonaqueous media; t h e  formation 
or' in te rmedia te  spec ies  alas de tec ted  by polarography, which could not 
be picked up by spectrophocornetry . 

c a l  processes  i s  a provocat ive p o s s i b i l i t ) .  which i s  r e l a t e d  t o  t h e  
I'act t h a t  e l e c t r o l y t i c  oxidat  ions and reduct ions  occur under experi-  
mental condi t ions  resembling those  of  enzymatic and o t h e r  b i o l o g i c a l  
t ransformat ions .  Thus, t h e  e l e c t r o l y t i c  ox ida t ion  of  u r i c  a c i d  pro- 
ceeds by a mechanism analogous t o  t h a t  p o s t u l a t e d  for t h e  enzymatic 
oxida t  i o n .  

I ihi le  such 

The c o r r e l a t i o n  of t h e  mechanisms of  e lec t rochemica l  and b io logi -  

S y n t h e s i s .  The p o t e a t i a l i t i e s  of  p r e p a r a t i v e  organic  e lec tyo-  
chemistry a t  c o n t r o l l e d  p o t e n t i a l  have, b ~ ,  and l a r g e ,  not  y e t  been 
r e a l i z e d ,  being used commercially only f o r  che s n a l l - s c a l e  product ion 
of r e l a t i v e l y  c o s t l y  products .  The p r i n c i p a l  l i m i t a t i o n  has been t h e  
d i l ' f i c u l t y  o f  c o n t r o l l i n g  t h e  a p p l i e d  p o t e n t i a l ,  which g e n e r a l l y  has 
t o  be very l a r g e  becadsc 0; the  i R  drop encountered for t h e  apprecia-  
b l e  c u r r e n t  flow d e s i r a b l e  i n  a prepara;ive process .  

Frequent ly ,  it i s  p o s s i b l e  t o  conLrol t h e  p o t e n t i a l  by c o n t r o l  
o f  experimental  c m d i z i o n s ,  e l e c c r o l y s i s  process  and/or c u r r e n t  drawn. 
An outs tanding  example of t h i s  approach i s  t h e  work of Baizer  (g) ,  
who has e x t e n s i v e l y  i n v e s t i g a t e d  i n t e r -  and in t ramolecular  elecTro- 
l y t i c  reduct ive  coupling of u n s a t u r a t e d  spec ies  t o  produce a v a r i e t y  
of compounds, many of which a r e  not  r e a d i l y  a c c e s s i b l e  by more con- 
vent iona l  s y n t h e s i s .  A d i p o n i t r i l e ,  used i n  t h e  manufacture o f  nylon, 
i s  now being made commercially by t h e  e l e c t r o l y t i c  r e d u c t i v e  coupling 
of  a c r y l o n i t r i l e .  

An i n t e r e s t i n g  a p p l i c a t i o n  of e l e c c r o s p t h e s i s  i s  t h e  genera t ion  
2 ;  f r e e  r a d i c a l  s p e c i e s  for study by e l e c t r o n  s p i n  resonance.  

Fuel C e l l s .  A cons iderable  f r a c t i o n  of t h e  r e s e a r c h  a c t i v i t y  on 
f u e l  cells=ng t h e  p a s t  decade has  been focussed on t h e  e l e c t r o -  
chemical ox ida t ion  of  hydrocarbons a t  c a t a l y s t - t y p e  e l e c t r o d e s  with 
some a t t e n t i o n  t o  that o f  oxygenated compounds, e . g . ,  a l c o h o l s .  A l -  
though t h e r e  has  been considerable  p u b l i c a t i o n  of  mechanis t ic  s t u d i e s ,  
t h e  complexity o f  t h e  e l e c t r o d e  process  f o r  t h e  o x i d a t i o n  of even a s  
simple a hydrocarbon a s  propane t o  carbon dioxide and water  has  d e f i e d  
s a t i s f a c t o r y  r a t i o n a l i z a t i o n .  The e lec t rochemica l  r e a c t i o n s  of t h e  
hydrocarbon and immediate o x i d i z i b l e  organic  products  may be masked 
by t h e  e lec t rochemica l  ox ida t ion  of hydrogen s p l i t  o f f  from t h e  hydro- 
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carbon as a c t i v e  hydrozen JP i n  a refarnli; r e a c t i o n .  The na tu re  o r  
t h e  e l e c t r o 3 e  I s  s ~ c h  as  t~ f a v o r  a d s o r p ; i m  as  an e s s e n c i a l  f e a t u r e  
a f  ihe e1ectrochem;cal r e a c t i o n .  

Analysis .  The value of po larographic  ana r e l a t e d  methods f o r  or- 
ganic  a n a l y s i s  is  t o o  we11 lcnorrn t o  nierl t  d i scuss ion  except t o  r e f e r  
tJ the  determinat i  3 x s a n i c  compwnds a t  t r a c e  level ,s ,  e . g . ,  the 
a n a l y s i s  of mix tures  of maleic and fumaric a c i d s  a t  t he  10-7 g l eve l  
!q- t he  use of p u l s e  polarography. 
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R:X + 2 2 ( 5 0 ,  H+, e t c . )  = e l e c t r o d e  complex 

J 

Dimer E l e c t r o n i c  - 

rearrangement products  

3lg. 1. Generalized r e a c t i o n  mechanism i"or an  organic  e l e c t r o d e  r e -  
n c t i o n  ( R : X  r e p r e s e n t s  a gene ra l i zed  r e a c t i o n  s i t e ) .  
t o  be made i n  t h e  above formula t ion  for ( a )  t h e  p a r t i c i p a t i o n  o f  pro-  
t a n s ,  s o l v e n t ,  o t h e r  s o l u t i o n  c o n s t i t u e n t s  and t h e  e l e c t r o d e  surface 
In  va r ious  S teps ,  ( b )  t h e  presence  of  chemical r e a c t i o n s  preceding,  
accompanying and fo l lowing  cha rge - t r ans fe r  probesses ,  and ( c )  r e s u l t -  
In6  mad i f i ca t ion  of the s p e c i e s  shown. 

Allowance has 

I 
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The r e c e n t  t h r u s t  of e l e c t r o a n a l y t i c a l  t echn iques  has  been p r i m a r i l y  d i r e c t e d  
toward a n a l y s i s  of t h e  n a t u r e  of  e l e c t r o d e  p r o c e s s e s  r a t h e r  t han  toward e v a l u a t i o n  
of s o l u t i o n  c o n c e n t r a t i o n s .  As an a i d  i n  accomplishing t h i s  g o a l ,  a whole series of  
new methods have been developed.  The f i r s t  g roup ,  i nvo lv ing  s e m i - i n f i n i t e  d i f f u s i o n ,  
can be  c lass i f ied  i n t o  two broad c a t e g o r i e s  by the s i z e  of t h e  e x c i t a t i o n  s i g n a l  
( " l a rge"  and "small"  a m p l i t u d e ) ,  and then each can be f u r t h e r  s u b - c l a s s i f i e d  according 
t o  t h e  form (shape,  p e r i o d i c i t y ,  e t c . )  of t h e  e x c i t a t i o n  s i g n a l  and o c c a s i o n a l l y  
acco rd ing  t o  t h e  monitored response.  I d e a l l y ,  t h e  small ampli tude c a s e s  are those 
where t h e  e x c i t a t i o n  s i g n a l  is s u f f i c i e n t l y  small  t h a t  t h e  p e r t u r b a t i o n  in t roduced  
can be cons ide red  l i n e a r .  Neve r the l e s s ,  t h o s e  cases where t h e  e x c i t a t i o n  s i g n a l  
i s  small, b u t  pr imary a t t e n t i o n  is g iven  t o  minu te  non- l inea r  e f f e c t s ,  are cons ide red  
i n  t h i s  group. The aforementioned e x c i t a t i o n  s i g n a l  is an impressed v o l t a g e ,  c u r r e n t ,  
o r ,  i n  some c a s e s ,  a combinat ion of  t h e s e  which i s  expe r imen ta l ly  a p p l i e d  ove r  a 
t ime i n t e r v a l .  
complimentary e l e c t r i c a l  v a r i a b l e  whose ampl i tude  and time dependency r e f l e c t s  t h e  
composi t ion and n a t u r e  of t h e  e l e c t r o c h e m i c a l  system under  c o n s i d e r a t i o n .  
s i g n a l ,  i n  whole o r  i n  p a r t ,  i s  then  converted i n t o  a monitored r e sponse  by e l ec t r i ca l ,  
mechanical ,  o r  g r a p h i c a l  means and i s  d i s p l a y e d  unchanged, or i n  d i f f e r e n t i a l  o r  
i n t e g r a l  form, as a f u n c t i o n  of  t, E , o r  some o t h e r  conven ien t  parameter .  The 
p r e s e n t a t i o n  is  sugges t ed  by theo ry  and a m e l i o r a t e d  by i n s t r u m e n t a t i o n .  I n  t h i s  
manner, t h e  e f f e c t  of chemical  k i n e t i c  compl i ca t ions ,  such as p r e - k i n e t i c ,  pos t -  
k i n e t i c ,  c a t a l y t i c ,  o r  successive r e a c t i o n s  can b e  exaggerated and the e v a l u a t i o n  
s i m p l i f i e d .  S i m i l a r  p r i n c i p l e s  f a c i l i t a t e  t h e  e v a l u a t i o n  of a d s o r p t i o n  phenomena 
and e l e c t r o n - t r a n s f e r  rates.  The fo l lowing  f i g u r e s  (p repa red  by W i l l i a m  Heineman 
and Thomas Ridgway of  t h i s  l a b o r a t o r y )  i n d i c a t e  some, b u t  by no means a l l ,  o f  t h e  methods 
c u r r e n t l y  a v a i l a b l e  and u t i l i z e d .  

Th i s  s i g n a l ,  i n  t u r n ,  evokes from t h e  system a r e sponse  s i g n a l  of  t h e  

Th i s  response 

Thin-f i lm and t h i n - l a y e r  e l e c t r o d e s  o f f e r  s e v e r a l  i n t e r e s t i n g  avenues i n  e l e c t r o -  
chemical  i n v e s t i  a t i o n s .  Both i n v o l v e  d i f f u s i o n  a c r o s s  a t h i n  f i l m  or l a y e r ;  w i th  a 
t h i c k n e s s  of 10-9 t o  10-2 cm., e s s e n t i a l l y  homogeneous mixing is accomplished by s imple  
d i f f u s i o n  i n  0 . 1  t o  10 seconds.  For t h e  l a t t e r  t echn ique ,  a t h i n  l a y e r  of sample 
s o l u t i o n  is  conf ined  between two boundar i e s ,  a t  least  one of  which is a working 
e l e c t r o d e .  
t o  t h e  s t u d y  of a d s o r p t i o n  and p o s t - k i n e t i c  r e a c t i o n s .  
independent  working e l e c t r o d e s ,  s e v e r a l  approaches t o  t h e  s tudy  of chemical  even t s  
o c c u r r i n g  i n  t h e  t h i n  l a y e r  are p o s s i b l e .  
may be observed o r  mod i f i ed  a t  t h e  o t h e r  e l e c t r o d e  w i t h  on ly  a s m a l l  t i m e  l a g .  
r a p i d  a t t a i n m e n t  of s t e a d y - s t a t e  c u r r e n t  i s  ach ieved  where an  o x i d a t i o n  occur s  a t  
one e l e c t r o d e  and t h e  co r re spond ing  r e d u c t i o n  a t  t h e  o t h e r .  

1. e s t a b l i s h m e n t  of d i f f u s i o n  c o e f f i c i e n t s ;  
2 .  

3.  

4 .  

5.  k i n e t i c s  of  chemical  r e a c t i o n s  i n  t h e  s o l u t i o n  l a y e r ;  
6 .  

Th i s  system h a s  been a p p l i e d  t o  r a p i d  c o n t r o l l e d - p o t e n t i a l  coulometry and 
When bo th  boundar i e s  are 

Chemical changes i n i t i a t e d  a t  one e l e c t r o d e  
Also 

Some i n t e r e s t i n g  a p p l i c a t i o n s  of  t h e  t echn ique  are:  

s t e a d y - s t a t e  c u r r e n t  as a f u n c t i o n  of t h e  p o t e n t i a l s  of  t h e  two e l e c t r o d e s :  
s t e a d y - s t a t e  "voltammetry"; 
r a p i d  c o n t r o l l e d - c u r r e n t  o r  c o n t r o l l e d - p o t e n t i a l  cou lomet r i c  t i t r a t i o n s  i n  the  
t h i n  l a y e r ;  
s t u d y  of t h e  p roduc t s  of e l e c t r o d e  r e a c t i o n s ;  i n t e r m e d i a t e  o x i d a t i o n  s t a t e s ,  

m e t a s t a b l e  p r o d u c t s ,  a d s o r p t i o n  isotherms of p r o d u c t s ,  e t c . ;  

p h o t o l y s i s  and spec t ropho tomet ry  i n  t h e  t h i n  l a y e r .  
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11. SbIALL AMPLITUDE ELLCTROANALYTICAL TECHNIQUES ; 
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11. [CONTINUED] 
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Current D i s t r i b u t i o n  a n d  blass Transfer  i n  Electrochemical  Systems 

I 

i 

1 

John Newman 

inorganic  M a t e r i a l s  Research Division, Lawrence Radiat ion Laboratory, and 
Department of 'hemical Engineering, Universi ty  of Cal i forn ia ,  Berkeley 

I 
Fundamental equat ions  descr ib ing  t r a n s p o r t  i n  d i l u t e  e l e c t r o l y t i c  so lu t ions  

have been know! s ince  t h e  t u r n  of t h e  century.  In a n  e.Lect,rochemical system, many 
processes  occur simultaneously, and t h e  treatment. of such systems involves  cons-i- 
d e r a t i o n  of  t h e  ohmic p o t e n t i a l  drop, concent ra t ion  changes near  e lec t rodes ,  a n d  
t h e  k i n e t i c s  of the  heterogeneous e l e c t r o d e  reac t ion .  

Applicat ion of t h e s e  p r i n c i p l e s  has followed two main courses. There a r e  sys- 

t r a n s p o r t  problems. " 

A t  c u r r e n t s  much below t h e  l i m i t i n g  c u r r e n t  it i s  p o s s i b l e  t o  neglect  concen- 
t r a t i o n  v a r i a t i o n s  near  t h e  e l e c t r o d e s .  The cur ren t  d i s t r i b u t i o n  i s  then de ter -  
mined b y  the  ohmic p o t e n t i a l  drop i n  t h e  s o l u t i o n  and by e l e c t r o d e  overpoten t ia l s .  
Mathematically, t h i s  means t h a t  t h e  p o t e n t i a l  s a t i s f i e s  Laplace ' s  equation, and 
many r e s u l t s  of p o t e n t i a l  theory,  developed i n  e l e c t r o s t a t i c s ,  t h e  flow of inviscid 
f l u i d s  and s teady  h e a t  conduction i n  s o l i d s ,  a r e  d i r e c t l y  appl icable .  Let us  c a l l  
t h e s e  p o t e n t i a l - t h e o r y  problems. " The e l e c t r o d e  k i n e t i c s  provide boundary condi- 
t i o n s  -4hich a r e  1:sually d i f f e r e n t  from those encountered i n  o t h e r  a p p l i c a t i o n s  of 
p o t e n t i a l  theory.  

Zl 

Problems have been t r e a t e d  which do not f a l l  wi th in  e i t h e r  of t h e s e  two 
c l a s s e s .  
e s s e n t i a l  but n e i t h e r  concent ra t ion  v a r i a t i o n s  near  t h e  e l e c t r o d e  nor t h e  ohmic 
p o t e n t i a l  drop i n  the  s o l u t i o n  can be  neglected.  These involve c u r r e n t s  below, 
but  at a n  apprec iab le  f r a c t i o n  of, t h e  l i m i t i n g  cur ren t .  

F i r s t ,  t h e r e  are "intermediate  problems," where convective t m n s p o r t  i s  

Some problems a r e  not  so genera l ,  b u t  can he  regarded as a n  extension of t h e  
convect ive- t ransport  problems. A t  t h e  l i m i t i n g  c u r r e n t  t h e  ohmic p o t e n t i a l  drop 
i n  t h e  bulk  o f  t h e  s o l u t i o n  may s t i l l  be n e g l i g i b l e ,  b u t  t h e  e l e c t r i c  f i e l d  i n  t h e  
d i f f u s i o n  l a y e r  near e l e c t r o d e s  may l e a d  t o  a n  enhancement of t h e  l i m i t i n g  current .  
The c u r r e n t  may then b e  d i s t r i b u t e d  i n  a similar fashion, but  t h e  magnitude i s  
changed. 

In porous e l e c t r o d e s  convection may not be  present ,  bu t  it i s  usua l ly  neces- 
s a r y  t o  consider  t h e  ohmic p o t e n t i a l  drop, concent ra t ion  v a r i a t i o n s ,  and e lec t rode  
k i n e t i c s .  
o f  t h e  d e t a i l e d ,  random geometry o f  t h e  porous s t r u c t u r e .  
theory  a r e  then not a p p l i c a b l e  s ince  l a p l a c e ' s  equat ion  does not  hold. 

Transport  2 e l e c t r o l y t i c  so lu t ions .  
a r e  t o  be  de temined  from t h e  equat ions 

Most t rea tments  adopt  a macroscopic model which does not t a k e  account 
Resul ts  of  p o t e n t i a l  

The concent ra t ion  and p o t e n t i a l  d i s t r i b u t i o n s  

(1) i '  
N .  = -Z.U.F'c.VO - D.Vc -+ IC 
-1 1 1  1 1 i  

i i 

The f i r s t  s t a t e s  t h a t  s p e c i e s  i n  t h e  s o l u t i o n  can move by migrat ion,  d i f fus ion ,  
and convection. The second i s  a m a t e r i a l  balance f o r  a spec ies .  The t h i r d  s t a t e s  
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t h a t  t h e  cur ren t  a r i s e s  from t h e  motion of  charged p a r t i c l e s .  
d i t i o n  of e l e c t r o n e u t r a l i t y .  
t rochemical  systems. The f l u i d  v e l o c i t y  i s  t o  be determined from t h e  laws of f l u i d  
mechanics . 
Electrode k ine t ics .  The d i f f e r e n t i a l  equat ions descr ib ing  t h e  e l e c t r o l y t i c  s o l u t i o n  
requi re  boundary condi t ions  i n  order  f o r  t h e  behavior  o f  a n  electrochemical  system 
t o  be pred ic ted .  The most complex of  t h e s e  concerns t h e  k i n e t i c s  of  e l e c t r o d e  reac- 
t i o n s  and r e l a t e s  t h e  normal component o f  t h e  cur ren t  d e n s i t y  a t  an e l e c t r o d e  t o  t h e  
surface overpoten t ia l .  The sur face  overpoten t ia l  qs can be defined a s  t h e  p o t e n t i a l  
of t h e  working e lec t rode  r e l a t i v e  t o  a re ference  e l e c t r o d e  of t h e  same kind located 
j u s t  ou ts ide  t h e  double l a y e r .  

The f o u r t h  i s  t h e  con- 
These laws provide t h e  b a s i s  f 3 r  t h e  a n a l y s i s  of e lec-  

There i s  no completely genera l  expression descr ib ing  e lec t rode  k i n e t i c s .  How- 
ever, it i s  adequate f o r  our present  purpose t o  assume that t h e  cur ren t  d e n s i t y  de- 
pends exponent ia l ly  on t h e  sur face  overpoten t ia l  i n  t h e  fol lowing form: 

i = io [exp {g qs} - exp i- + 1 11 . ‘ I .  
(5)  

Convective-transport problems. For t h e  r e a c t i o n  of  minor i o n i c  spec ies  i n  a solu- 
t i o n  containing excess support ing e l e c t r o l y t e ,  it should be permiss ib le  t o  neglect  
t h e  cont r ibu t ion  of i o n i c  migrat ion t o  t h e  flux of t h e  r e a c t i n g  ions,  so that equa- 
t i o n  ( 1 )  becomes 

N. = -D.Vc. + , ( 6 )  1 1 1  

and s u b s t i t u t i o n  i n t o  equat ion (‘2) y i e l d s  

( 7 )  

This  may b e  ca l led  t h e  equat ion of convective d i f f u s i o n .  A similar equat ion a p p l i e s  
t o  convective hea t  t r a n s f e r  and convective mass t r a n s f e r  i n  non-e lec t ro ly t ic  solu- 
t i o n s .  Since t h e s e  f i e l d s  have been s tudied i n  d e t a i l ,  it i s  p o s s i b l e  t o  apply  many 
r e s u l t s  t o  electrochemical  systems which obey equat ion (7). 

The systems t y p i c a l l y  s tud ied  i n  heat  and mass t r a n s f e r  involve laminar  and 
t u r b u l e n t  flow ’with var ious geometric arrangements. The flow may be  due t o  some more 
o r  less w e l l  charac te r ized  s t i r r i n g  (forced convect ion)  o r  may be  t h e  r e s u l t  o f  den- 
s i t y  d i f f e r e n c e s  c rea ted  i n  t h e  s o l u t i o n  as  part of  t h e  t r a n s f e r  process  ( f r e e  con- 
vec t i on ). 

E s s e n t i a l  t o  t h e  understanding o f  convect ive- t ransport  problems i s  t h e  concept 
of  t h e  d i f f u s i o n  layer. Frequently, due t o  t h e  small valuo of t h e  d i f f u s i o n  coef f i -  
c i e n t ,  t h e  concentrat ions d i f f e r  s i g n i f i c a n t l y  from t h e i r  bu lk  values  only i n  a t h i n  
region near  t h e  sur face  of  a n  e lec t rode .  I n  t h i s  reg ion  t h e  v e l o c i t y  i s  small, and 
d i f f u s i o n  i s  important t o  t h e  t r a n s p o r t  process .  The t h i n n e s s  of  t h i s  region permits 
a s i m p l i f i c a t i o n  i n  t h e  ana lys i s ,  b u t  it i s  erroneous t o  t reat  t h e  d i f f u s i o n  layer 
as a s tagnant  region. Figure 1 shows t h e  concent ra t ion  p r o f i l e  i n  t h e  d i f f u s i o n  
layer, wi th  t h e  e lec t rode  sur face  a t  the  l e f t .  
t r a n s p o r t  dominates, while  a t  t h e  sur face  i t s e l f  t h e r e  i s  only d i f f i s i o n .  

F a r  from t h e  sur face  convect ive 

To i l l u s t r a t e  t h e  cur ren t  d i s t r i b u t i o n  obtained i n  t h i s  type of problem, con- 

For laminar 
sider two plane e l e c t r o d e s  o f  length  L and separated by a d i s t a n c e  h and which form 
parts o f t h e  walls of a flow channel with otherwise i n s u l a t i n g  wal ls .  
flow fran l e f t  t o ’ r i g h t ,  wi th  a n  average v e l o c i t y  <v>, t h e  l i m i t i n g  c u r r e n t  dens i ty  
has t h e  d i s t r i b u t i o n ,  as i l l u s t r a t e d  i n  f i g u r e  2, 

e 
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where x i s  t h e  d ig tance  a long  the e lec t rode .  
the upstream edge of  t h e  e l e c t r o d e  where f r e s h  s o l u t i o n  i s  brought i n  contact  with 
t h e  e lec t rode .  The c u r r e n t  decreases  wi th  i n c r e a s i n g  x s ince  t h e  s o l u t i o n  i n  t h e  
d i f f u s i o n  layer has a l r e a d y  been depleted by t h e  e lec t rode  r e a c t i o n  ifurther upstream. 
Ia ter  it w i l l  be i n s t r u c t i v e  t o  compare t h i s  cur ren t  d i s t r i b u t i o n  with that which 
would be obtained when the ohmic p o t e n t i a l  drop i n  t h e  s o l u t i o n  i s  cont ro l l ing .  

The mass- t ransfer  r a t e  i s  i n f i n i t e  a t  

Other convect ive- t ransport  problems which have been t r e a t e d  include f l o w  i n  a 
p ipe  and i n  annular  condui ts ,  a f l a t  p l a t e  i n  a f r e e  stream, r o t a t i n g  cyl inders ,  
growing mercury drops, r o t a t i n g  d isks ,  and free convection a t  v e r t i c a l  and horizon- 
t a l  p l a t e s  and o u t s i d e  spheres and cy l inders .  

Appl ica t ions  of o t e n t i a l  t h e o r  . 
be ignored, e q u a p m , d a n d  (4) y i e l d  

When concent ra t ion  gradien ts  i n  t h e  s o l u t i o n  can 

- i = -1670 ( 9 )  
where 

(10) 

i s  t h e  conduct iv i ty  o f  the s o l u t i o n .  
over  i y i e l d s  

Equation (2)  when mul t ip l ied  by zi and summed 

v 2 ( 0 = 0 ,  (11) ' 

that i s ,  the p o t e n t i a l  s a t i s f i e s  I a p l a c e ' s  equation. 

The boundary c o n d i t i o n s  are determined with equat ion (9). On i n s u l a t o r s  

& / a Y  = 0 , (12 1 
where y i s  t h e  n o m 1  d i s t a n c e  from t h e  surface.  
lates t h i s  p o t e n t i a l  d e r i v a t i v e  t o  t h e  sur face  o v e r p o t e n t i a l  through equat ion ( 5 ) .  
If the p o t e n t i a l  (0 i n  t h e  s o l u t i o n  i s  measured with a reference  e lec t rode  of the 
same kind as t h e  working e lec t rode ,  then  the sur face  overpoten t ia l  can be eliminated 
w i t h  t h e  r e l a t i o n  

On e lec t rodes ,  equat ion (9) re- 

'1, = v - ( 0 ,  (13) 

where V i s  t h e  p o t e n t i a l  of t h e  metal e l e c t r o d e .  The r e s u l t i n g  boundary condi t ion 
i s  a nonl inear  r e l a t i o n s h i p  between t h e  p o t e n t i a l  and t h e  p o t e n t i a l  der iva t ive  and 
i s  not  commonly encountered i n  o t h e r  a p p l i c a t i o n s  of  p o t e n t i a l  theory.  

In so-called primery-current-distribution p r o b l e ~ s  the sur face  overpoten t ia l  is 
neglected a l t o g e t h e r ,  and t h e  s o l u t i o n  ad jacent  t o  t h e  electrode i s  taken t o  be an 
e q u i p o t e n t i a l  sur face .  
i n  t h e  flow channel considered earlier i s  shown i n  figure 2 f o r  L = 2h. 
b u t i o n  i s  symmetric s i n c e  convection is not  important. The cur ren t  d e n s i t y  is 
i n f i n i t e  at  the  ends of t h e  e l e c t r o d e s  s i n c e  t h e  cur ren t  can flow through t h e  solu- 
t i o n  beyond t h e  ends of the e lec t rodes .  
c u r r e n t  d i s t r i b u t i o n s .  
i s  either i n f i n i t e  o r  z e r o  unless they  form a r i g h t  angle. 

The r e s u l t i n g  c u r r e n t  d i s t r i b u t i o n  f o r  t h e  plane electrodes 
The d i s t r i -  

This  is a genera l  c h a r a c t e r i s t i c  of  primary 
The c u r r e n t  d e n s i t y  where a n  e l e c t r o d e  meets a n  i n s u l a t o r  

The so-ca l led  secondary c u r r e n t  d i s t r i b u t i o n  t a k e s  i n t o  account the surface 
overpotent'lal, a l though t h e  boundary condi t ion  i s  f r e q u e n t l y  replaced b y  a l i n e a r  O r  
a logari thmic ( T a f e l )  r e l a t i o n  between t h e  potential and t h e  p o t e n t i a l  der iva t ive-  
The general e f f e c t  of e l e c t r o d e  p o l a r i z a t i o n  i s  t o  make t h e  secondary cur ren t  d i s t r i -  
b u t i o n  more n e a r l y  uniform t h a n  the primary cur ren t  d i e t r i b u t i o n ,  and a n  i n f i n i t e  Cur- 
r e n t  d e n s i t y  a t  t h e  edge of e l e c t r o d e s  i s  el iminated.  



been t r e a t e d  with account taken o f  concent ra t ion  var ia t ions ,  ohmic p o t e n t i a l  drop, 
and surface overpoten t ia l .  The r e s u l t s  a r e ,  as one might expect, in te rmedia te  be- 
tween t h e  two extreme cases .  
Of the th inness  of  t h e  d i f f u s i o n  l a y e r  has  a l s o  been d iscussede3  

1 
The formulat ion of t h e  problem so a s  t o  t a k e  advantage 

7 

Current D i s t r i b u t i o n  under Free Convection Conditions." Journa l  of  the Electro- . .  I 
. chemical Society,  107, 242-246 (1960). 

h 

s i t y  i s  d i s t r i b u t e d  a long  t h e  e lec t rode  i n  t h e  same manner as when migrat ion i s  neg- 
l e c t e d ,  bu t  t h e  magnitude of  t h e  cur ren t  d e n s i t y  a t  a l l  p o i n t s  i s  increased  o r  dim- 
in i shed  by  a constant  f a c t o r  vh ich  depends upon the bulk  composition of the so lu t ion .  
This e f f e c t  has been t r e a t e d 3 j 4  for t h e  r o t a t i n g  disk,  t h e  growing mercury drop, 
pene t ra t ion  i n t o  a semi- inf in i te  medium, t h e  s tagnant  Nernst d i f f u s i o n  layer, and 

\ 
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John Newman. The Effect of Migration i n  Laminar Boundary Isyers. 
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complex compounds. Studies with the Fe++/Fe+++ redox system are of 
particular interest as they provide information about the role of elec- 
trodes in a charge transfer reaction in the absence of complicating 

THE EFFECT OF FUNDAMENTAL PROPERTIES OF ELECTRODE 
MATERIALS ON ELECTROCATALYSIS 

J. O'M. Bockris, A. Damjanovic and R. J. Mannan 

Electrochemistry Laboratory 

Philadelphia, Pa. 19104 
University of Pennsylvania I 

I earity was also observed with atomic composition in Au-Pd and Au-Pt 
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Although the major recent interest in the potentialities of 
thin layer electrochemical experiments seems to date from a paper published 
in  1963 (l), the idea that advantages might be inherent i n  experiments with very 

(1) C. R. Christiansen and F. C. Anson, Anal. Chem., 35, 205 (1963). 
~ 

thin layers of solution is older. In 1962, Schmidt and Gygaux (2), for example, 
- 

(2) G. Schmidt and H. R.  Gygaux, Chimia, 16, 165 (1962). 

discussed the use of a thin layer cell for  studies of metal deposition on solid 
electrodes and presented designs for useful cells. 

However, the advent of a micrometer-type thin layer cell (3,4) 

(3) A. T. Hubbard and F. C. Anson, Am]. Chem. , 36, 723 (1964). 

(4) D. M. Oglesby, S. H. Omang, and C. N. Reilley, ibid., 37, 1319 (3960). 

rapid. 

Figure 1 shows a typical morcometer-type cell. The details of 
its construction and operation have been given (3,4) and need not be repeated here. 
Descriptions of numerous experimental applications of this type of cell have also 
appeared (5-13) as well as an impressive catalog of suggested experiments for 

h, has made the exploitation of the technique much easier and, therefore, more 

I 
i 
~ 

I (5) A. T. Hubbard and F. C. Anson, J. Electroanal. Chem., 4 163 (1963). 

(6) A. T. Hubbard and F. C. Anson, Anal. Chem., 38, 58 (1966). 
/ 

(7) Ibid., 38, 692 (1966). 
1 

(8) Ibid., 38, 1601 (1966). 

(9) Ibid., 38, 188Y1966). 

(10)D. M. Oglesby, L. B. Anderson, B. McDuffie, and C. N. Reilley, ibid., 37, 

(11)L. B. Anderson and C. N. Reilley, J. Electroanal. Chem., is 295 (1965). 

(12)H. Dahms, ibid., 11, 62 (1966). 

(13)D. M. Ogelsby, J. D. Johnson, and C. N. Reilley, Anal. Chem., 38, 385 

1317 (1966). 

(1 966). , 
which the results have been predicted if  not yet obtained. (14,15) 



(14) L. B. Anderson and C. N. Reilley, J. Electroanal. Chem. , 10, 538 (1965). 

(15) L. B. Anderson, B. McDuffie and C. N. Reilley, ibid., 12, 477 (1966). 

One of the major unique advantages of the thin layer approach is 
the facility it provides for performing fast exhaustive electrolysis. ~ The 
dimensions of the thin layer can be made small enough so that all of the reactant 
dissolved in the solution reaches the electrode surface by diffusion within a few 
seconds. Under these conditions all of the reactant contained in the layer of 
solution is electrolized so that the relation between the amount of electricity, 
Q required to consume all  of the reactant and its concentration, Cy is given by 
Faraday's Law: 

where n is the number of electrons involved in the electrode reaction, F is the 
Faraday, A is the electrode area,  and P is the solution thickness (A x Q = the 
solution volume). 

Excellent agreement of experimental results with equation 1 have 
been obtained and advantage has been taken of this property to determine n-values 
for electrode reactions. 

A particularly simple and yet powerful exploitation of the adher- ' ence of thin layer experiments to equation 1 is in studies of reactant adsorption 
(4). If the faces of the electrodes in the micrometer cell are equilibrated with an ' excess a solution of potentially adsorbed reactant and then all of the solution 
except for a thin layer of volume A x P removed, and an exhaustive electrolysis 
performed the quantity of electricity required will be given by equation 2 

Q = nFAQC + 2nFAr (2) 

I where I' is the amount of adsorbed reactant in moles/cm2 and the factor of 2 
1 ar ises  because the adsorption occurs on two electrodes of a r ea  A. In favorable 
i cases it is possible to  make P so small that 2 n F r i s  comparable or  even greater 

than nFAlC so that quite accurate measurements of I' are possible. 

Another already exploited use of the thin layer cell is in the 
\ detection of intermediates in electrode reactions. By insulating the two platinum 

pole pieces of the thin layer cell from each other they can be used as independent 
probes of the same thin layer of solution. Thus, products of a reaction at one 
electrode can be continuously detected and determined at  the opposing electrode 
which can be independently controlled at whatever potential is characteristic for 
the determination of particular suspected intermediate. 

establish that oxygen is not evolved in significant amounts when platinum electrodes 
are oxidized at potentials below 1 . 2  volts vs  S. C. E. and that considerable ozone 
is evolved at more anodic potentials (15). It has also been possible by means of the 

*b. 

Advantage has been taken of this feature of thin layer cells to  

(15) G. Lauer, Ph. D. Thesis, California Institute of Technology, Pasadena, 
California, 1966. 

thin layer cell to detect directly the presence of "irreducible oxide" on the surface 
of platinum electrodes which have been oxidized and subsequently reduced. When 
the thin layer electrodes were treated in this way and then just filled with warm 
hydrochloric acid, current -potential curves were obtained which matched those 



fo r  independently prepared solutions of PtCb=. Bl& experiments with Oxidized, 
' reduced, and "aged" electrodes did not lead to any detectable PtCg= (15). 

Reilley and co-workers have applied the thin layer approach to twin 
electrode cells in which one face of a micrometer electrode is an anode and 
the other a cathode. Steady state currents can be set  up with Such a configura- 
tion and the magnitudes of these currents can be used t o  measure diffusion 
coefficients o r  to study the kinetics of chemical reactions coupled to  the 
electrode reaction. The great simplification in mathematics afforded by the 
thin layer conditions permits the straightforward treatment of cases that pose 
considerable difficulty with the usual techniques, e. g. the second order  
disproportionation of uranium(V) (16). 

~ 

(16) C. N. Reilley and B. McDuffie, Anal. Chem., 38, 1881, (1966). 

The list of other potential uses for the thin layer approach is 
endless and depends only on the ingenuity of the experimenter and his  success at 
constructing improved cells. Especially high on our priority list a r e  the 
construction .of an effective mercury thin layer cell and applications to 
solutions containing little or  no supporting electrolyte. 
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Chronocoulometry : Application to the Study of 
Adsorption at an Electrode Solution Interface 

Robert A .  Osteryoung 
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In t r odu c t ion 

jointly at North American Aviation Science Center and California Institute of 
Technologrlgin which the charge-time behavior of an electrode in a solution is 
observed. The electrode, initially at some potential E. where no current 
flows, has applied to it either a linear potential ramp orla potential step 
which results in the passage of charge across the, electrode interface. Ifthe 
resultant potential excursion is sufficient to bring the electrode potential 
into a region where a faradaic current flows, the charge passed will include 
coulombs required to charge the electrical double layer, 
tial c h a n g e d  from E. to a final potential, E and the fara aic chargepassed, 
QF, from time the p6tential excursion is inifiated at t=O until the measure- 
ment is made at some later time, t. Thus, the total charge passed,Qt,willbe 

Chronocoulometry is a term used to describe a technique, ,developed 

as the poten- 
Qda'. 

Qt = OF + Qdl (1.1 

The prime assumption in what follows is that the Q is essentially time 
independent, while QF is a function of time. If Q;lis measured as a function 
of time, a n d  Q,(t) is known, then the terms may be separated by 8lotting 
against the proper function of time. In addition, if r moles/cm of aspecles 
Ox are adsorbed at E. and react at E , an additional amount of charge, nFr, 
will pass. 
then 

%. 

i f  we a s h m e  that this-ciarge will likewise be time independent, 

Qt = QF + Qdl + nFr (1') 

Q then arises from a faradaic reaction where the reactant must diffuse F to the electrode to result in charge passage. Q and nFT represent charge 
which arises from 
must b e  determined, then, by an independent procedure to permit evaluation of 
nFr. For instance, consider an electrode in a supporting electrolyte with 
species Ox, at a potential Ei, when no faradaic current flows. 
charge density, Q E ~  may be determined by using an extruded mercury drop or 
dropping mercury electrode. Now, consider the solution containing only Red 
at a concentration in solution or in an amalgam equal to Ox. An electrode 
potential E is impressed. E is such that the reaction Ox+ne 4 Red would 
occur and tf;e surface concentration of Ox would be zero. (This is the condi- 
tion that would prevail at the electrode surface at Ef in an experiment where 
only Ox is initially in solution and the potential is changed to E with the 
charge-time behavior recorded.) The charge density, QEf is measured. How- 
ever ,  since 

'dl non-diffusing - hence time itaependent - sources. 

The surface 

f 

f' 

then Qdl is k n o m  regardless of how the potential is varied from E. to Ef in 
the chronocou 1 ome tr i c experimen t . 
time-independence of Qdl or by direct measurement of surface charge density, 
makes chronocoulometry particularly useful. 

Chronocoulometry has been applied to the study ofelectrodekin 
to a study of a cntalytic reaction and other reactions in solutions 
to studies and determinations of the extent of the a s r t 
which undergoes reaction at the electrode surface. 
principally to this latter problem that the remainder of the paper is 
addressed. I n  particular, we shall consider the use of double-potential atop 
chronocoulometry as a technique which permits an 'lins ii:iodouble layer cor- 
rcction even in the presence of extensive adsorption. 

This ability to separate the faradaic and double layer charge, either by 

4 , 5 , 9 - 1 1  
4v-5% and 

3,e,8-8,i9:lsf ~ t s ~ ~ c i c s  
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) C o n s i d e r  the redox couple, with :tandard potential Eo, 

Ox + ne 2 Red ( 2 )  
bAn electrode at a potential E., sufficiently anodic of Eo so no current flows, 

At t=O, the is in a solution containing &cess supporting electrolyte and OX. 
potential is stepped to a value Ef sufficiently cathodic of Eo so that the 
surface concentration of Ox is immediately driven to zero. Reaction 2 then 

'proceeds to the right at a rate limited by diffusion of Ox to the electrode. 
After a time, T ,  the potential is stepped back to E., which is sufficiently t anodic so that the concentration of Red at the electrode surface is driven to 

'zero. Again, the current is limited by the rate of diffusion of Red back to 
, t h e  electrode surface. The Q-t behavior is observed. 

Initially w e  consider neither Ox nor Red adsorbed. 
'during the forward step is given by the integral of the 

i(t) = nF< Cox/Jn Jt 

lwhere the symbols have their usual significance. For t 

The faradaic charge 
Cottrell equation 

( 3 )  

> 7, the charpp maybe 
&L 

obtained by integration of current-time equations derived by Kambara. This 
' yields 

*\ (Jt - F T )  (4) 2nFJTx cox 
Jn Q(t > T)  = 

Equation (4) contains no Qdl term because the electrode potential is back at 

charge, Qr,  passedduring 
\its initial potential at t > 7 .  

It is convenient, however, to consider the 
the interval t > T,  Qr=Q(r)-Q(t > 7 ) .  Thus 

Thus, plots of U(t < 7) z. tM and Q 
linear, b) have identical slopes ( 2 n f c x  Cox/JV) proportional to C 
c) have identical intercepts equal to Q 

VS. @ = (m + ,fr - Jt) will a) be 
and 

If Ox is adsorbed to the extent ofdf'moles/cm2 and reacts at Ef, then 

ox' 

Jt + Q + nFr ( 5 )  2 ° K  cox 
dl Q(t < T )  = 

J , A  plot of U(t < T) 2. tH will have the same slope as in the absence of 
adsorption, but the intercept will now be Qdl + nFr. 
ward step more Red is formed at the surface, and starts to diffuse away than 

adsorbed on the electrode surface and which diffuses to the electrode. 
qualitatively, will make the slope of the reverse step larger than in the 
absence of adsorption of Ox, hence larger than the forward slope, which is 

However, during thefor- 

\, in the absence of adsorbed Ox - i.e., Red is formed both from Ox which was 
This, 

19920 \ unaffected by adsorption. 
Specifically, defining Qr as before, 

This differs from Eq. 4 only'by the term nFr[l - 2/n ~ i n - ~ m t ] ,  arising from 

charging term in the presence of adsorptlon. 

linear function of the form a,(@//JT) + a. to give 

1 reoxidation of initially adsorbed Ox. Qdl  here is the true double lnyer 

Equation ( 6 )  may be simplified by approximating (1-2/n sin-'Tp) with a 

a nFr 
1 +lo 0 + aonFTo + Qdl ( 6 , )  

OnFJb;;; cox 

Jn Qc 
Qr = 
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where Qc fs the charge which has diff sed at t=T, (2nFJbor C J-t)/[n. 
from the intercepts of Q(t < T) s. t' and Qr E. @ plots, nPf may be 
attained. 

Hence, 

OQ-OQ, 

nFr=- (7) 1-a 

when OQ and OQ are the intercepts in theoQ-axis of the Q(t < T1-t' and Qr-@ 
plots. 
ratios used, can be mad: close to zero and unity, respectively. 

The cogstants a and al, although dependent on the expedimental time- 
In short, 

where S and S are the slopes of the reverse and forward plots, respectively, 
(Q , er$erimentally, is Q(t=7)-0Q). 
naf check on the procedure. 
given by 

This may be used to establish an inter- 
Further, the double layer charging term is 

OQr-ao0Q 
(9) Q d l  - 1-a 

Figure 1 shows, qualitatively, the Q-t behavior expected without (a) and 

Figure 2 show :-&' and a,-@ plots for 1 mH Cd(I1) in 1 1 KNO and 0.8 E 
A potential step from -200 to -950 mV  the SCEwas 

with (b) adsorption. 

KNO + 0.2 1 KSCN. f9 
applied. 
charge the double layer in the Cd(I1) - free base solutions. A summary of 
data is given i n  Table I. I t  is seen that a) the amount of Cd(I1) adsorbed 
decreases as the initial potential is made more cathodic and b) the amount of 
Cd(I1) adsorbed rises to a maximum and decreases with increasing thiocyanate 
concentration. 

Figure 3 is a plot of n F T 2 .  E obtained chronocoulometrically for Zn(1I) 
in 0.05 1 NaSCN + 0.95 1 NaNO . This system is of interest because thepoten- 
tial range for E. 
tials prior to the Zn(I1) reduction wave. ""' Also included in this figur%4 
is the amount of specifically adsorbed thiocyanate, as determined byPars 
The straight line in the figure is a plot of the slope of the forward Q-t 
plot z. [Zn(II)]. The slope should be, and is, proportional to the concen- 
tration of Zn(I1). 

Figure 4 is r z .  electronic chargelgather than potential, for thiourea 
in 1 M NaNO obtained by Case and Anson. The thiourea does not react, but 
give rise t a  an anodic depolarization wave. The open circles are chrono- 
coulometric data, e circles are from classical capacity m surements of 
Paraone and Symons" and the triangles from Schapink et a,." This is the 
first instance where a direct comparison between chronocoulometry and clasei- 
cal methods can be made, and the agreement is overwhelming1 

Using essentially a coulostatic method, evidence for the validity of the 
assumption regsfding the rapidity of the reaction of adsorbed material has 
been obtained. 

The chronocoulometric procedures appear to of fer real advantages in 
adsorption and kinetic studies. With the aid of sophisticated dataaquis 
systems, rapid and precise measurements of parameters can be carried out. 
It is hoped that others will attempt to apply to their problems what we con- 
aider a very useful approach to studying electrode processes. 
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Table I 

Data Summary for Adsorption of Cd(I1) from Thiocyanate Solutions I', 
I Potential -200 

steps 
from -400 

-300) to -900 mV 2. S.C.E. 2 
nFrO pC/cm 

\ W N -  I L 

i ,  
0.2 1 -05 E 0.1 

[Cd( 1 1 )  ] 

E. = -200 -300 -400 -200 -300 -400 -200 -300 -400 

0.2 - 0  - 0  - 0  17.3 10.8 6.4 14.7 10.6 6 .9 
13.9 11.2 5.8 22.9 17.9 11.8 20.5 14.9 10.1 ' 0.5 

b 1.0 21.2 17.1 9.3 22.7 21.8 17.5 21.1 19.2 14.0 

0.5 1 0.75 1 1.0 1 
\ 0.2 12.1 10.8 4.9 9.4 7.5 5.8 8 . 3  5.1, 3 . 3  

0-5 18.4 14.2 9.8 15.7 12.8 9.8 12.7 10.1 8.0 
1 .o 24.4 16.1 13.4 18.4 16.9 15.6 15.6 10.1 10.1 

I J  
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I 

INTRODUCTION 

I n  k i n e t i c  s t u d i e s  of e l e c t r o d e  processes ,  uniformity of t h e  concentrat ion 
g r a d i e n t s  along t h e  e l e c t r o d e  sur face  and q u a n t i t a t i v e  information concerning these  
g r a d i e n t s  a r e  necessary.  I n  many ins tances  t h e  r o t a t i n g  d i s c  e l e c t r o d e  technique 
provides  an e f f e c t i v e  means f o r  r e a l i z i n g  t h e s e  requirements. F'urthermore t h i s  
technique allows t h e  s u r f a c e  concent ra t ion  of  r e a c t a n t s  and products  t o  be var ied 
i n  a c o n t r o l l e d  manner through changes i n  t h e  r o t a t i o n  rate and hence can be  used t o  
determine t h e  r e a c t i o n  o r d e r s  through t h e  dependence o f  t h e  cur ren t  on t h e  r o t a t i o n  
rate without t h e  n e c e s s i t y  of varying t n e  bulk concentrat ions.  

An important ex tens ion  of t h e  r o t a t i n g  d i s c  technique i s  t h e  r ing-disc  con- 
f i g u r a t i o n  which c o n s i s t s  of  a d i s c  surrounded by a c l o s e l y  placed concent r ic  r i n g  
with i t s  sur face  i n  t h e  sane  plane and separa ted  from t h e  d i s c  by a t h i n  i n s u l a t i n g  
s leeve .  The r o t a t i n g  r ing-disc  e l e c t r o d e  is  wel l  s u i t e d  t o  t h e  s tudy o f  e lec t rode  
r e a c t i m s  involving Unstable  products  or i r ; t e rnedia tes .  Species  produced e lec t ro-  
chemically on t h e  d i s c  are monitored electrochemical ly  on t h e  r i n g  as t h e  l i q u i d  
s p i r a l s  ou t  fron t h e  i i s c  across  t h e  surface of t h e  r ing .  The concentrat ion of t h e  
s p e c i e s  i n  quest ion,  averaged over t h e  sur face  of t h e  r i n g ,  can be determined i n  
most ins tances  by one of t h e  followinK proce2ures: 

1. Zain ta in  t h e  r i n E  p o t e n t i a l  at a iralue such as t o  reverse  t h e  2rocess 
leading t o  t h e  forna t ion  of t h e  spec ies  of i n t e r e s t  and measure t h e  
r ing  c u r r e n t .  

2. Construct t h e  r i n g  of a metal which i s  favorable  f o r  t h e  completion 
of t h e  o v e r a l l  e lec t rode  process y i e l d i n g  t h e  in te rmedia te  i n  
quest ion on t h e  d i s c  o r  for  t h e  f u r t h e r  ox ida t ion  o r  reduct ion of 
t h e  product. Kaintain t h e  r i n g  a t  a f i x e d  p o t e n t i a l  favorable  f o r  
such or scan through an appropr ia te  range of p o t e n t i a l s  and measure 
t h e  r i n g  c u r r e n t .  

Both t h e  r o t a t i n g  d i s c  and r ing-disc  techniques have a l ready  found s u b s t a n t i a l  use  
i n  k i n e t i c  s t u d i e s  b u t  a l s o  o f f e r  promise f o r  a n a l y s i s  when s o l i d  e l e c t r o d e s  a r e  
required.  

THEORY 

The problem of mass t r a n s p o r t  by convec t ive .d i f fus ion  t o  a r o t a t i n g  d i s c  
e l e c t r o d e  has  been so lved  by Levich ( 1 )  f o r  t h e  case  of  a p e r f e c t l y  smooth, hori- 
z o n t a l  d i s c  of i n f i n i t e  r a d i u s  r o t a t i n g  at a constant  angular  v e l o c i t y  i n  an 
i n f i n i t e  l i q u i d  under condi t ions  of  laminar flow. In p r a c t i c e ,  a d i s c  e lec t rode  
can e f f e c t i v e l y  meet t h e s e  requirements i f  1) t h e  rad ius  i s  very l a r g e  conpared t o  
t h e  momentum boundary l a y e r . t h i c k n e s s ,  2 )  a l l  o t h e r  sur faces  wi th in  o r  bounding t h e  
l i q u i d  are at a d i s t a n c e  l a r g e  conpared t o  t h e  rad ius  of t h e  r o t a t i n g  s u r f a c e ,  3) 
s u r f a c e  i r r e g u l a r i t i e s  on t h e  d i s c  a r e  small  compared t o  t h e  momentum boundary 

+ 
Some of t h e  experimental  a s a e c t s  o f  t h e  paper a r e  based on research  supported 
by t h e  Off ice  of :lava1 Research. 
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I( l ayer  th ickness ,  4) t h e  r o t a t i o n  r a t e  f o r  t h e  p a r t i c u l a r  d i s c  is  below t h e  c r i t i c a l  

Reynolds number f o r  t h e  onset of tu rbulence  [a, R e  = (r2 w / v )  < l o 5  where r = 
o v e r a l l  rad ius  of t h e  d i s c ,  w = angular  r o t a t i o n  ra te ,  v = kinematic v i s c o s i t y ] .  

According t o  Levich, t h e  e f f e c t i v e  th ickness  of  t h e  Nernst t r a n s p o r t  boundary 

I 1 l a y e r  is 

) dimensionless constant ,  and all o t h e r  q u a n t i t i e s  are i n  cgs u n i t s ,  i: 
6 = 1.80 a i / 3 v i / 6 / u i / 2  I [ll 

where D is t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  r e a c t i n g  spec ies  i n  cm2 sec’l, a is a 
The term a i n  

eq. (11  Vas o r i g i n a l l y  designed as 0.8934 by Levich us ing  an approximation t o  t h e  
in tegra t ion .  

, more accura te  manner and found f o r  D/v va lues  less t h a n  4 x 10-3 that a can be  
ca lcu la ted  t o  within 1% by t h e  empir ical  equat ion 

Gregory and Riddiford ( 2 )  c a r r i e d  out  t h e  graphica l  i n t e g r a t i o n  i n  a 

I 121 0.36 a = 0.8934 + 0.316 ( D / v )  
’? The second term is  only a feu  percent  a t  t h e  most f o r  aqueous s o l u t i o n s  and hence i s  
, r e a l l y  necessary only f o r  r a t h e r  accura te  work--probably more accura te  than most 

r o t a t i n g  d i s c  e lec t rode  conf igura t ions  permit. 
cor rec ted  va lue  f o r  a. 

Neuman (3) a l s o  has repor ted  a 

, 
Eq. [l] y i e l d s  t h e  fol lowing expression f o r  t h e  d i f f u s i o n  cur ren t  d e n s i t y  i i n  ’, A/cm2 

i = 0.55a’1z~2’3v’1’6u1/2[C(-) - C ( o ) ]  [31 
o r  

I i = 0.554a -1 zFD 2/3,-1/6w1/21c(m) 1 I41  D 
‘ 

where i D  i s  t h e  l i m i t i n g  c u r r e n t  d e n s i t y ,  zF is t h e  number of coulombs of charge ‘ t r a n s f e r r e d  p e r  mole of d i f f u s i n g  s p e c i e s ,  and C(-) and C(o) are t h e  concentrat ions 
of t h e  d i f f u s i n g  r e a c t a n t  i n  t h e  bulk and a t  the e l e c t r o d e  s u r f a c e ,  r e s p e c t i v e l y ,  
i n  moles cm-3. 

I 

A t  t h e  l i m i t i n g  cur ren t ,  t h e  c u r r e n t  d e n s i t y  is uniform on t h e  r o t a t i n g  d i s c  
even i f  s u b s t a n t i a l  ohmic vol tage  drop occurs  wi th in  t h e  e l e c t r o l y t e  i n  t h e  v i c i n i t y  

t i o n  may be considerably greater near  t h e  per iphery of  t h e  d i s c  because of  t h e  
g r e a t e r  a c c e s s i u i l i t y  o f  t h e  edge t h a n  t h e  c e n t e r  as a r e s u l t  of t h e  I-R drop i n  t h e  
so lu t ion .  Figure 1 i n d i c a t e s  t h e  c u r r e n t  d i s t r i b u t i o n  on t h e  d i s c  according t o  t h e  
t reatment  of  Newman (4) when T a f e l  k i n e t i c s  are involved and e l e c t r o l y t i c  t r a n s f e r -  
ence of s p e c i e s  i s  considered with t h e  t r a n s f e r e n c e  number t = 0.5. 
i n  t h i s  f i g u r e  is def ined by t h e  equat ion 

l of t h e  d i s c ,  A t  cur ren ts  below t h e  l i m i t i n g  va lue ,  however, t h e  cur ren t  d i s t r i b u -  

The parameter N ’ 

ZU 1/2  

[r; ) [O.zFr” n z ~ [ ~ ~ - ~ ~ l r  [ 5 1  
i 

\ 

N = -  - RT 1-t K 

where ro i s  t h e  r a d i u s  of  t h e  d i s c  e l e c t r o d e ,  n i s  t h e  number of e l e c t r o n s  per  
molecule o r  i o n  of  r e a c t i n g  s p e c i e s ,  [ K ( - ) ]  is t h e  s p e c i f i c  conductance i n  t h e  bulk 
of t h e  s o l u t i o n ,  and 2 = - z+z,/(z+ - z-) f o r  an e l e c t r o l y t e  c o n s i s t i n g  of a s i n g l e  
salt or Z = - n f o r  s o l u t i o n  with a suppor t ing  e l e c t r o l y t e .  The va lue  of  t h e  
exchange cur ren t  d e n s i t y  ( i o )  does not e n t e r  i n t o  t h e  c a l c u l a t i o n  provided t h e  l o c a l  
cur ren t  dens i ty  i s  high compared t o  io at a l l  p o s i t i o n s  on t h e  d i s c .  

I n  k i n e t i c  s t u d i e s  with t h e  r o t a t i n g  d i s c ,  it is evident  from Figure 1 t h a t  
c s u b s t a n t i a l  e r r o r s  w i l l  be introduced due t o  non-uniform cur ren t  d i s t r i b u t i o n  u n l e s s  

t h e  parameter N i s  a r e l a t i v e l y  low value.  
a support ing e l e c t r o l y t e  which increases  [K(-)] i n  t h e  denominator. For example ( 4 )  
f o r  copper depos i t ion  from a 0.1 
300 rpm, N i s  79 while with 0.1 E CuSO4 + 1.53 MH2S04 t h e  corresponding va lue  f o r  N 

Such can be  r e a l i z e d  through t h e  use of 

CuSO4 s o l u t i o n  on a d i s c  with ro = 0.25 cm at 
’ 



is  1.6 (although it should be noted t h a t  -the l i m i t i n g  cur ren t  d e n s i t y  has dropped 
from 79 mA/cm2 without  t h e  ii2sO4 t o  50 mA/cm2 with t h e  s d d i t i o n  o f  t h e  H2SO4 because 
of t h e  suppression of  t h e  t r a n s f e r e n c e  number f r o n  0.363 t o  0 ) .  Another approach t o  
reducing t h e  non-uniformity Of t h e  cur ren t  d e n s i t y  i s  t o  e!n?loy a r inn-disc  e lec t rode  
assembly with t h e  r i n g  used as a quard by maintaining it a t  t h e  sane p o t e n t i a l  as t h e  
d i s c  with a separa te  c i r c u i t .  I f  t h e  spacing betveen t h e  d i s c  and r i n g  i s  very small 
compared t o  t h e  r a d i u s  of t h e  d i s c  and t h e  th ickness  of  t h e  r i n g ,  t h e  arrangement i s  
equiva len t  t o  examining j u s t  t h a t  por t ion  of t h e  p lo t  i n  Fiqure 1 coxbesponding t o  
( r / r o )  5 rl/r where rl and r are t h e  r a d i u s  of t h e  d i s c  and t h e  o u t s i d e  rad ius  of t h e  r i n g ,  r e s J e c t i v e l y .  3 

I n  k i n e t i c  s t u d i e s  w i t h  t h e  r o t a t i n q  d i s c  technique t h e  dependence of t h e  d isc  
c u r r e n t  on t h e  r o t a t i o n  ra te  provides a r e l a t i v e l y  simple means (5-7)  f o r  determining 
t h e  r e a c t i o n  order  r e l a t i v e  t o  t h e  d i f f u s i n g  spec ies  provided a support ing e lec t ro-  
ly te  i s  used a t  a concent ra t ion  s u f f i c i e n t  t o  ensure a r e l a t i v e l y  low va lue  f o r  N 
[h igh  K ( m ) ]  and t o  avoid apprec iab le  double l a y e r  cor rec t ions .  When t h e  back reac- 
t i o n  is n e g l i g i b l e ,  t h e  c u r r e n t  d e n s i t y  can be  expressed as e func t ion  of t h e  
concent ra t ion  of  a r e a c t i n g  s p e c i e s  by t h e  equat ion 

i = k[C(o) ln  [ G I  
where n i s  t h e  r e a c t i o n  o r d e r  with respec t  t o  t h e  d i f f u s i n g  s p e c i e s  and k i s  R 

potential-dependent ra te -cons tan t .  I f  t h e  r o t a t i o n  rate a t  a constant  p o t e n t i a l  is  
increased  t o  a va lue  such t h a t  C ( 0 )  approacnes c l o s e l y  C ( - ) ,  t h e  process  w i l l  become 
pure k i n e t i c a l l y  c o n t r o l l e d  and t h e  cur ren t  d e n s i t y  then becomes 

From eq. [3], t h e  a c t u a l  c u r r e n t  dens i ty  may be expressed as 

i = [ C ( - )  - ~ ( o ) ]  

L e t  wo be  def ined ( s e e  F i w r e  2 )  such t h a t  

k' and t h e  observed cur ren t  d e n s i t y  correspondinc t o  w f o r  a given p o t e n t i a l  be  i 
From eqs. [6-91, 

i k = iLk - ( ?rln] Dol  

o r  
l o g  iL - l o g  ik 

log iL - log (iL - iK) 

To apply t h i s  equat ion,  only one set of  va lues  f o r  i L  and i k  a r e  required.  
p r a c t i c e ,  a s e r i e s  of  va lues  i s  u s u a l l y  obtained t o  e s t a b l i s h  t h e  constancy of  n and 
hence t h e  v a l i d i t y  of t h e  experiment. 

n =  [ l o e l  

I n  

Figure 2 i n d i c a t e s  t h e  dependence o f  t h e  observed cur ren t  d e n s i t y  on r o t a t i o n  
r a t e  f o r  severa l  r e a c t i o n  o r d e r s ,  For a f irst  order  r e a c t i o n ,  t h e  l i m i t i n g  value 
f o r  t h e  cur ren t  dens i ty  at i n f i n i t e  r o t a t i o n  r a t e  (corresponding t o  iL) can be  
obtained by means of t h e  equat ion  

1 1  1 - = - +  
1 lL '-112 (11 1 

The r o t a t i n g  d isc- r ing  e l e c t r o d e  system has been t r e a t e d  by Ivanov and Levich 
(8 )  who have obtained t h e  fol lowing r e l a t i o n s h i p  f o r  t h e  t o t a l  r i n g  cur ren t  when t h e  
r i n g  i s  b iased  t o  a p o t e n t i a l  such as t o  consume e lec t rochemica l ly  a l l  o f  t h e  
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( intermediate  reaching t h e  r i n g  from t h e  d i s c :  

’ where 

and 

I 
n =  

i 1 

n =  

D =  
I 2 

X , 
6 x  = 6 r =  

I 
r =  .1 

curren t  on t h e  d i s c  t o  generate  only t h e  in te rmedia te  

rate of  conversion of in te rmedia te  t o  f i n a l  product on t h e  d i s c  
(assumed f i r s t  o rder  i n  concentrat ion of  i tnermedia te )  

number of e l e c t r o n s  t r a n s f e r r e d  a t  d i s c  per  molecule of r e a c t a n t  
converted t o  i n t e m e d i a t e  

number of e l e c t r o n s  t r a n s f e r r e d  a t  r i n g  per  molecule of  intermediate  

d i f f u s i o n  c o e f f i c i e n t  of  intermediate  

d i f f u s i o n  l a y e r  th ickness  f o r  t h e  intermediate  

r a d i a l  d i s tance  from c e n t e r  of  d i s c  

rad ius  of d i s c  

r2,r3 = inner  and o u t e r  r a d i i  of r i n g ,  respec t ive ly  
\ ,  

This equation c a r r i e s  t h e  assumptions t h a t  1) (r2-rL) << rl, 2 )  t h e  in te rmedia te  does 

f a c t o r  M corresponds t o  t h e  f r a c t i o n  of  t h e  t o t a l  amount of in te rmedia te  d i f f u s i n g  
away from t h e  d i s c ,  which undergoes electrochemical  r e a c t i o n  a t  t h e  r ing .  While M 
can be evaluated s o l e l y  from qeometric cons idera t ions ,  such requi res  a numerical 
evaluat ion of t h e  i n t e g r a l  i n  eq. [12a]. 
out t h i s  i n t e g r a t i o n  a n a l y t i c a l l y .  

! not undergo any homogeneous r e a c t i o n ,  and 3 )  i o n i c  migrat ion can be neglected.  The 

Bruckenstein and Feldman (9)  have c a r r i e d  

,I Ivanov and Levich i n d i c a t e d  t h a t  s e v e r a l  approximations are made i n  eva lua t ing  
“ t h e  numerical constant  i n  eq. [12a] and t h a t  it may be 5% too  high. Recently Albery 

and Bruckenstein (lo&), however, c a r r i e d  out  an ex tens ive  s tudy of t h e  r ing-disc  ’ e lec t rode  and concluded t h a t  t h e  Ivanov-Levich expression f o r  M may be  i n  e r r o r  by 
up t o  25%. depending on t h e  e l e c t r o d e  geometry. ‘ t h e  fol lowing e x p l i c i t  expression f o r  b?: 

Albery and Bruckenstein obtained 

where 

These au thors  have t a b u l a t e d  va lues  of  M i n  tenus of t h e  parameters r3/r2 and r2/rl- 
a welcome convenience t o  e lec t rocnemis ts  us ing  t h e  r ing-disc  technique.  ’ an 

I 
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extens ive  s e r i e s  of papers ,  Albery e t  al.  (12-14) have a l s o  developed t reatments  f o r  
t h e  current-vol taqe curves f o r  t h e  r i n g  (111, t h e  e f f e c t s  of  f i r s t  o rder  homogeneous 
as w e l l  as heterogeneous r e a c t i o n s  involving t h e  intermediates  proauced a t  t h e  d isc  
on t h e  r i n g  current  ( 1 4 ) .  and t h e  shape of t h e  r i n g  cur ren t  VS. d i s c  cur ren t  curves 
during t h e  use of  t h e  r ing-disc  e l e c t r o d e  f o r  d i f f u s i o n  l a y e r  t i t r a t i o n s  (13) .  

EXPERIMENTAL FEATURES 

A. E lec t rode  design 

Riddiford ( 1 5 )  has reviewed t h e  p r a c t i c a l  aspec ts  of e l e c t r o d e  design and t h e  
i n f l u e n c e  of  e l e c t r o d e  shape on experimental r e s u l t s .  Even though it i s  recommended 
t o  use a bell-shaped e l e c t r o d e  (Fiqure 3A), a c y l i n d r i c a l  shaped e lec t rode  assembly 
i n  which t h e  c e n t r a l  p o r t i o n  of t n e  lower s u r f a c e  is  t h e  e l e c t r o d e  (Figure 3B)  i s  
o f t e n  s u f f i c i e n t .  This  t y p e  of  e l e c t r o d e  i s  e a s i l y  made and s u i t a b l e  f o r  convenient 
interchange of e l e c t r o d e s  which maintain t h e  necessary high p u r i t y  requirement. In  
an examination (16) o f  an e l e c t r o d e  of  t h i s  cons t ruc t ion  with a diameter of 0.48 cm 
mounted i n  a Teflon c y l i n d e r  (0.96 cm diameter ) ,  t h e  l i m i t i n g  cur ren t  d e n s i t y  f o r  t h e  
reduct ion  of  t h e  13- ion t o  I- i n  a 0.025 11 KI3 + 0 .1  X I  s o l u t i o n  w a s  found t o  be 
p r o p o r t i o n a l  t o  The 
s l o p e  w a s  only 2% higher  t h a n  t h e  value predic ted  from eq. [ 41 us ing  t h e  Gregory- 
Riddiford value f o r  a or t h e  r e s u l t s  of Nelson and Riddiford (17) f o r  t h i s  same 
reduct ion  with an e l e c t r o d e  of  t h e  bell-shape. 
e l e c t r o d e s  i n  c y l i n d r i c a l  mounts (F igure  3B)  have been used t o  i n v e s t i g a t e  a number 
c f  d i f f e r e n t  e l e c t r o d e  r e a c t i o n s  i n  t h e  l a b o r a t o r i e s  a t  Western Reserve University 
(*, hydrogen oxida t ion  (181, oxygen reduct ion (16). t i n  and n i c k e l  depos i t ion ,  
var ious  redox couples on semiconductors). In  no ins tance  has  t h e r e  been observed any 
apprec iab le  devia t ion  of  the l i m i t i n g  cur ren t  dens i ty  from a d i r e c t  p ropor t iona l  
dependence on u1/2 a t  r o t a t i o n  rates i n  t h e  range 100 t o  18000 rpm when t h e  l i m i t i n g  
c u r r e n t  represented pure mass t r a n s p o r t  c o n t r o l  assoc ia ted  with convective d i f fus ion .  

u1l2 t o  wi th in  2% f o r  r o t a t i o n  rates from 100 t o  18000 rpm. 

I n  recent  y e a r s ,  r o t a t i n g  d i s c  

I n  s t u d i e s  with some types  of e l e c t r o d e s  (e.g., s i n g l e  c r y s t a l  N i O )  a t  Western 
Reserve, it has not been p o s s i b l e  t o  f a b r i c a t e  disc-shaped e l e c t r o d e s  without unusual 
d i f f i c u l t y  and hence r o t a t i n g  i r regular-shaped,  f l a t  e l e c t r o d e s  mounted i n  an 
i n s u l a t i n g  cy l inder  have been used. 
found t o  be propor t iona l  t o  u1I2 i n  t h e  same manner as f o r  t h e  d i s c  e l e c t r o d e s ,  and 
i n  f a c t ,  t h e  l i m i t i n g  c u r r e n t  d e n s i t i e s  f o r  a square o r  near  square-shaped r o t a t i n g  
e l e c t r o d e  a r e  almost t h e  same as f o r  t h e  d isc .  
encountered i n  o b t a i n i n g  e l e c t r o d e s  which are extremely f l a t  and void of p i t s  [e.g,, 
c e r t a i n  types  of carbon e l e c t r o d e s  (16) ] .  A s  long  as t h e  i r r e g u l a r i t i e s  are only of 
t h e  o r d e r  of  microns i n  dimension, no devia t ions  of more than  a f e w  percent  from 
eq. [ 4 ]  have been observed with d i s c  e l e c t r o d e s  i n  c y l i n d r i c a l  mounts with dimensions 
s i m i l a r  t o  those  descr ibed  earlier f o r  r o t a t i o n  r a t e s  up t o  18000 rpm, 

The l i m i t i n g  mass-transport c u r r e n t  has been 

On occasion,  d i f f i c u l t y  a l s o  has been 

Teflon is  probably t h e  b e s t  material of  cons t ruc t ion  a v a i l a b l e  f o r  mounting d i s c  
and disc- r ing  e l e c t r o d e s  from t h e  viewpoint of  maintaining p u r i t y  of so lu t ion .  In 
some c a s e s ,  however, t h e  e l e c t r o d e s  a r e  very f r a g i l e  and can not  be  machined t o  a 
c y l i n d r i c a l  shape (-, s i n g l e  c r y s t a l  g raphi te ,  semiconducting s i n g l e  c r y s t a l  metal 
ox ides) .  Therefore they  can not be p r e s s - f i t t e d  i n t o  Teflon mountings with a 
s u f f i c i e n t l y  t i g h t  seal. I n  such ins tances  i n  t h e  authors '  l abora tory  t h e  e lec t rodes  
are mounted i n  Kel-F us ing  a high pressure  moulding technique at 3OO0C. 

B. Mechanical system 

The bas ic  f e a t u r e s  of a r e l a t i v e l y  simple r o t a t i n g  r ing-disc  system are shoM i n  
While both b e l t  d r i v e  and d i r e c t  d r i v e  systems have been used, t h e  authors Fiqure 4. 

p r e f e r  t h e  b e l t  d r i v e  because it permits a l a q e r  range of  r o t a t i o n  r a t e s  t o  be  
covered with a c iven motor and t h e  cons t ruc t ion  of t h e  s h a f t  i s  s impl ie r  and l e s s  
expensive. 
d i m e t e r  or l e s s ,  a 1 /15  hi motor with appropr ia te  pu l leys  i s  s u f f i c i e n t  f o r  up t o  

?or d i s c  and r ing-disc  e l e c t r o d e s  mounted i n  a c y l i n d e r  of  1.5-cm 
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, 

I 

20000 r p m .  
synchronous motor system is  t o  be p re fe r r ed  f o r  very r e f i n e d  measurements, t h e  
au tho r s  have found t h a t  a simple un ive r sa l  motor w i th  a d.c. f i e l d  and armature 
cur ren t  cont ro l  provides s u f f i c i e n t l y  s t a b l e  r o t a t i o n  r a t e s  f o r  most work. Rotation 
r a t e s  i n  t h e  arrangement shown i n  Figure 4 a r e  measured by means o f  a lamp-photocell 
arrangement connected t o  a frequency meter with t h e  beam t r ansmi t t ed  through a 
number of equal ly  spaced holes  i n  an aluminum d i s c  a t t ached  t o  t h e  upper p a r t  of t h e  
s h a f t .  
t o  prevent any leakaqe of bear ing lubr icant .  
t o  t h e  t o p  of t h e  s h a f t  where contact  is made by means of  a spring-loaded s i l v e r -  
g raph i t e  brush. Contact t o  t h e  r i n g  i s  made through a s l i p - r i n g  s i lve r -g raph i t e  
brush assembly nea r  t h e  t o p  of t h e  s h a f t .  The s t e e l  s h a f t  on which t h e  e l ec t rode  
assembly i s  mounted may be e i t h e r  a t  ground p o t e n t i a l  o r  i s o l a t e d  from ground by 
support ing t h e  bear ing housing on a p l a s t i c  mounting. 

While a motor con t ro l  with a feed-back c i r c u i t  o r  a v a r i a b l e  frequency 

Sealed p rec i s ion  bear ings a r e  used t o  minimize e c c e n t r i c i t y  i n  r o t a t i o n  and 
The l e a d  t o  t h e  d i s c  e l ec t rodes  extends 

One of t h e  s u b s t a n t i a l  experimental  problems i n  t h e  use of t h e  r o t a t i n g  d i s c  I 
J and ring-disc techniques i s  ob ta in ing  a s a t i s f a c t o r y  s e a l  where t h e  Teflon covered ' 

s h a f t  e n t e r s  t h e  c e l l .  While va r ious  types  of l i q u i d  s e a l s  work s a t i s f a c t o r i l y  at 

1 r o t a t i o n  r a t e s  up t o  6000 rpm, a t  higher  speeds they  present  excessive drag, requi re  

L, cool ing,  and un le s s  very c a r e f u l l y  designed are no longer  gas t i g h t .  , e f f e c t i v e  technique f o r  prevent ing gases o f  t h e  atmosphere from e n t e r i n g  t h e  c e l l  
/ around t h e  r o t a t i n g  s h a f t  i s  t o  use a r e l a t i v e l y  long g l a s s  o r  Teflon s l eeve  around 

t h e  s h a f t  and then t o  maintain a s l i g h t  excess p re s su re  i n  t h e  gas  space above t h e  
e l e c t r o l y t e  within t h e  c e l l .  

One r a t h e r  

~ APPLICATIONS 

'\ 
1 ' 

The appl ica t ions  of t h e  r o t a t i n g  d i s c  and r ing-disc  techniques t o  k i n e t i c  
s t u d i e s  i s  w e l l  i l l u s t r a t e d  by recent  s t u d i e s  of oxygen reduct ion on var ious  su r faces  
with pe rox ide  usua l ly  as an uns t ab le  intermediate .  Some r e s u l t s  r e c e n t l y  obtained i n  
t h e  authors '  l abo ra to ry  f o r  oxygen reduct ion us ing  t h e s e  techniques w i l l  be presented 
as p a r t  of  t h e  o r a l  p re sen ta t ion  of t h e  paper. 
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F i p r e  1. Current d i s t r i t u t i o n  on a r o t a t i n g  d i s c  e lec t rode  of 
r a d i u s  ro f o r  Tafe l  k i n e t i c s  with t r a n s f e r  c o e f f i c i e n t s  
of  1 / 2  and a r e a c t i o n  order  of  1, according t o  ilewman 
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Figure 2. Dependence of cur ren t  d e n s i t y  on r o t a t i o n  r a t e  f o r  

var ious  reac t ion  orders  [ a f t e r  Frumkin (7  1. 
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Fiwre  3. Rotating Disc and Ring-Disc Electrodes. 
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EPR AND ELECTROCHEMICAL INVESTIGATION OF TERTIARY AROMATIC AMINES 

Robert F. Nelson and Ralph N. Adams 

Department of Chemistry , !  
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and 

Department of Chemistry 
University of Kansas 
Lawrence, Kansas 6 6 0 4 4  

Interest in the anodic oxidation reactions 0, organic compounu 
led to a study of the electrode processes associated with the 
electrochemical oxidation of some tertiary aromatic amines in 
nonaqueous media, primarily acetonitrile. These electrode processes 
were found to have homogeneous chemical reactions associated with 
them in many cases, some of which were quite surprising in nature. 
Substituted triphenylamines were investigated, but generalizations to 
the electrochemical behavior of other aromatic amines should be possible. 
Substituent and steric effects were found to have surprisingly great 
influences over the rates of follow-up reactions associated with the 
primary electrode processes, but these were found to be entirely 
predictable from the electron distribution in the amine cation 
radicals as shown by Hackel molecular orbital (HMO) calculations. 

Triphenylamine (TPA), the parent molecule for most of these 
compounds, was studied in detail, and it was determined by a 
number of independent methods that the electrode processes and 
associated chemical reactions are as shown below: t 
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The initial electrode reaction is a one-electron oxidation of 
TPA to the cation radical, TPA-+, which is quite unstable.’ 

1. E. T. Seo, et al., J. Am. Chem. SOC., 88, 3498 (1966). 

The presence of the cation radical was confirmed by rapid-sweep 
cyclic voltammetry (which showed the initial redox couple to be 
fairly reversible at 1500 V./min., i.~., cathodic current was 
observed corresponding to reduction of the cation radical back to 
the parent species) and visible absorption spectroscopy.l Two 
of the cation radicals (or a cation and a parent molecule - it 
is difficult to distinguish between the two mechanisms electro- 
chemically) couple rather rapidly (k=103 E.mole-’sec. I )  at the 
para ring positions to form N,N,N’,N’-tetraphenylbenzidine (TPB), 
with concomitant liberation of two protons due to coupling. TPB 
is more easily oxidized than TPA, so reactions (3) also occur at the 
potential of TPA oxidation, completing the ECE process. 

The presence of TPB as the end-product was detected by matching 
up peak potentials of the cyclic voltamnograms of TPA and TPB, 
by comparing the epr spectra generated by oxidation of the amine 
and the benzidine (they are identical) and by detection of the 
visible absorption peak of TPB.+ upon electrolysis of TPA in situ 
in a Cary spectrometer’. 

Substitution at the para positions of the phenyl rings in TPA 
had a great effect upon this electrode process. If all three para 
positions were blocked with substituents, a stable cation radical was 
generated and this species did not undergo the characteristic 
coupling reaction. These cation radicals were stable enough that 
the epr spectra could be generated electrolytically and these 
spectra were then interpreted in terms of the parent molecules, 
thus confirming the initial one-electron electrochemical behavior. 
The substituents used were: OMe, Me, F, C1, Br and COOMe. The 
cyclic voltanmetry of all these molecules was initially a one- 
electron, completely reversible process, with i /i = 1.0 at all 
scan rates. 
and the follow-up reactions are very complex and diverse. 

When only one or two of the para positions are blocked, coupling 
at an open para site takes place readily, the rate of coupling being 
markedly dependent upon the number and type of substitutents. It was 
not unexpected that if two sites were blocked instead of one (di- as 
compared to monosubstituted TPA’s), the coupling rate was diminished 
(with the same substituent in both cases), but the effect of various 
substituents was quite surprising. The methoxy group has a 
tremendous stabilizing effect upon these cation radicals; 4-methoxy- 
TPA coupled at a very slow rate (as compared to k=103 for TPA). 
the other hand, nitro groups in the para positions of TPA appeared 
to accelerate the coupling reaction to an extraordinary degree. 
Although the coupling rate of 4-nitro-TPA could not be accurately 
measured, it was estimated at k = 1 0 4  from chronopotentiometric data. 
Other substitutents appeared to behave normally. Again, when 
benzidines were formed, they were identified by matching of peak 

The second oxidation step of a l l  oPcth&e is irreversible, 

On 



potentials of cyclic voltammograms, by obtaining identical epr 
spectra from the benzidine and the amine, and by generating similar 
visible absorption spectra. In all cases that could be verified, 
para-benzidines were the only detectable product. 

found that substituent effects were somewhat diminished and that 
twisting of the ring or rings with a substituent considerably 
altered the electron distribution in these molecules. In the 
mono-ortho-substituted TPA's (substituents = OMe, Me, Cl), the effect 
of the substituents was to twist the substituted ring so that inter- 
action with the rest of the molecule was considerably diminished. This 
increased the unpaired electron density in the unsubstituted rings, 
thus accelerating the coupling reaction relative to TPA. The 
substituents do have an effect, though diminished, upon the unsub- 
stituted rings, as evidenced by the fact that each of the substi- 
t;ited TPA's has a different coupling rate, determined qualitatively 
by chronopotentiometry (iT1'2/C vs. i plots). 

molecules are more symmetrical and substituent effects become more 
of a differentiating factor. Each of these couplerat a rate 
slower than that of TPA, and they are in the order: OMe < Me < C1. 
In the case of the methoxy derivative, tri-o-anisylamine, the 
corresponding benzidine was also available Ttri-ortho-substituted 
TPA's and corresponding benzidines courtesy of Dr. Cecil Frye, 
Dow Corp., Midland, Michigan) and it was verified as before that 
the amine couples to form the corresponding para-benzidine. The 
cyclic voltammograms, epr spectra and visible absorption peaks 
matched up nicely. It was assumed that the methyl- and chloro- 
substituted analogs behaved similarly, since the data from these 
compounds correlated with those from the methoxy derivative. 

A few ortho-substituted TPA's were also investigated and it was 

When all three rings are substituted at one ortho position, the 
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ELLIFSCXETRIC METHODS I N  ELECTROCHEMISTRY 

M. A .  Genshaw 

The Elecsrochemistry Laboratory 
The University o f  Pennsylvania 

Philadelphia, Pa. lgldr I 

> 
\ 

E l l i p s o m e t r y  is a useful too l  t o  apply in t h e  study of electrochemical reac- 
tions which involve film formation or dissolution. 
it is very sensi t ive and because it may be applied in s i t u .  

Ellipsometry is  useful because 

I To understand el l ipsanetry,  we must understand polarized l i g h t .  L i g h t  i s  8n 
electrcmagnetic wave and so is  characterized by an e l ec t r i c  and a magnetic vector. 
Since t h e  e l ec t r i c  vector and magnetic vector are always normal t o  each other, we 
need only consider the motion of the e l ec t r i c  vector in  o w  discussion. 

incl inat ion of the l i gh t  may be described in terms of an angle, CY. 
ra t io ,  in el l ipsanetry,  it is convenient t o  take as our reference the direct ions 
normal and parallel t o  the test surface. 

In 1 l inear ly  polarized l i g h t ,  the e l ec t r i c  vector vibrates in a single plane. The 
, To define t h i s  

Then: 
? t an  u = Ep/En 

, where Ep is the amplitude of t h e  parallel e l e c t r i c  vector and En the amplitude of 
t h e  normal vector. 

When l i gh t  is passed through cer ta in  materials, polaroid(quinine lodosulfate), , for  example, or through cer ta in  prisms (Nicol prism) only l inear ly  polarized light 
vibrating in a cer ta in  plane is transmitted. ' ref lected or refracted at an interface between d ie lec t r ics  (e.g., air-water), the ' plane of polarization is shif ted causing a change in u. 

1 

' ents  of l i gh t .  Thus when linearly po1ar-d l i gh t  is passed through ca l c i t e ,  it 

When linearly polarbed light is 

Other materials, anisotropic msterials, cause a phase s h i f t  in the compon- 

These ccmponents t r ave l  is resolvedmto two components along its optical  axes. 
a t  d i f fe ren t  ve loc i t ies  so that a phase s h i f t  is introduced between the  components. 

, When the l i gh t  kmerges from such a crys ta l  it i s  no longer linearly polarized but 
'\ is  e l l i p t i c a l l y  polarized. The t i p  of the e l e c t r i c  vector no longer vibrates  i n  a 

single plane, but ro ta tes  with t i m e  and traces out an ellipse. 
' characterized by the angle of orientat ion of i t s  major axis and the r a t i o  of the 

two components. 

of two components normal t o  each other and the phase difference between them. 

This e l l i p s e  is 

An a l te rna te  way of characterizing the e l l i p se  i e  i n  t e r n  of the  amplitude 

When polarized l i gh t  is ref lected fran a conducting surface, both the  
/, 
' 

, 
amplitude rat io ,  t an  Q, and the phase are changed. 
is shi- t o  a combination of re f lec t ion  from a d i e l ec t r i c  and transmission 
through anisotropic material. 
m t r i c  parameters are defined. 

Thus, re f lec t ion  from a m e t a l  

For ref lect ion f r o m  a m e t a l ,  the  two basic ell ipso- 
The re la t ive  amplitude diminution: 

tan  * E t an  +/tan CYI 

\ where tan + is the  re la t ive  amplitude d idnu t ion  and R designates the ref lected 
beam alld I the incident beam. The difference in  phaee of the two components is 

' defined as:  



'is 

A = % -  D I  

where A i s  the r e l a t ive  phase retardat ion,  % i s  the phase difference of the normal 
and parallel components i n  the ref lected beam and DI is the same quantity for  the 
incident beam. 

When a film is  present On the metal surface, the re la t ion  between A and 1 and 
f i lm and m e t a l  properties becomes quite complex: 

1 + r e  r& exp(- 2i8) 
n rp + r: exp(- 2i6) 

n 1 + 

t an  ik exp(iA) = 

rZ3 exp( - 2i6 ) 

where 

and 

I+, cos qa - n cos a %  
cos cq, 'ab = nb cos va + 

. na cos va - n cos q, 
r -  
ab - n cos 'pa + I+, cos '% a 

xhere n i s  the re f rac t ive  index of the media ( for  absorbing media n = n + iK where 
n i s  r e a l  part of the  re f fac t ive  index and an absorption coeff ic ient) ,  r~ are the 
angles of incidence and re f rac t ion ,  L is  the f i l m  thickness, j b  the  wavelength of 
t he  l i g h t ,  and the  subscr ipts  1, 2 and 3 represent the medium, f i l m  and substrate, 
respect ively.  It is apparent that the r e l a t ion  between A and ~ and the f i l m  thick- 
ness and refract ive index is complicated. It has only been since the developnent 
of modern electronic  computers t ha t  the complete equations have b en used in calcu- 
la t ions .  Approximate formulas, val id  for very th in  films ( < l o 0  8), were derived , 

by Drude who a l s o  derived the complete ex,nressions but few? them t,% di-?ficult t o  
use. 

When p l o t s  22'e made of * versus d as a function of film thickness, the re la -  
t ion  i s  not complicated. For a transparent f i lm a closed curve i s  obtained which 
repeats for each wavelength of t h i c b e s s  (A/n). For an adsorbing f i lm t h i s  curve 
is a s p i r a l  which ends at the $-A point which corresponds t o  the re f lec t ion  from 

T h i s  termination of the s p i r a l  r e su l t s  when the film i s  so thick 
tha t  no l i gh t  ref lected fran the substrate  reaches the surface. 
meters m u s t  then be those for the  film alone. 
cannct be used  t o  determine the thickness. 

A t h e  f i l m  alone. 
The observed para- 

For such thick films e l l i p sme t ry  

An a l te rna t ive  type of representatition is  the polar coordinate type of plot ,  
in which' A i s  the angle and tan fi the  r ad ia l  distance. 

The Application of E l l ip sme t ry  t o  Electrochemistry 

To apply ellipsometry t o  electrochemistry, w e  must use an electrochemical ce l l .  
Thus, the light beam must pass through the c e l l  w a l l s  i n to  the  solution and then 
back out egain. 
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I 

The basic cr i ter ie .  is  that  one must know wh8.t e f fec t  the c e l l  and solution 
have on the  polarization s t a t e  of the l i g h t .  
through a dielectr ic-dielectr ic  interface,  we have the relat ion:  

For passage of polarized l i g h t  

t a n  rYT 1 -- 
I - '1) t a n  - cos(m 

where t a n  crT.and tan  ry are the anplitude r a t i o  f o r  the transmitted knd incident 
beam and aI is the  angle of incidence and 9 i s  the  angle of  transmission. To have 
no change IJI tan cy at the interface is  desirable.  

This arrangement i s  frequently used. It has the advantage that  no corrections need 
be made f o r  the c e l l .  
of incidence is  fixed. 

Hence, we m u s t  have wI.= . 
For media of different  refract ive indices t h i s  can only occur for  normal i n c i  2 ence. 

The major disadvantage of t h i s  method i s  that the angle 

The a l te rna te  method is t o  use rectangular c e l l s  and correct f o r  t h e  changes 
at the interfaces .  These corrections are not complicated. Another correction 
which one must apply when working in solut ion is i n  the angel. of incidence. 
i s  not working with windows normal t o  the l i g h t  path, refract ion w i l l  occur a t  the 
interfaces anl thus change the angle of incidence. This i s ,  of course, e a s i l y  
corrected by Snell's law. 
cut advantage so that  secondary considerations as whether the angle of incidence is 
t o  be varied or convenience in c e l l  design w i l l  gwern the choice. 

Problems in  applying El l ipsmet ry  t o  Electrochemistry 

fi lm growth, one must know A' and 6O, t h e  values of A and 4. corresponding t o  the 
bare metal surface. In maqy cases it may prove d i f f i c u l t  t o  experimentally obtakl 
a bare m e t a l  surface i n  solution because of metal dissolut ion and spontaneous fi lm 
formation. Electrochemistry can aid itself here bj controll ing the potent ia l  of 
the  metal i n  a region in which the bare surface is s table .  When t h i s  i s  not 
possible, one m y  use data  obtained f r o m  high vacuum measurements f o r  the  bare 
surface. 

I f  one 

Neither normal windows or parallel windows of fer  a clear- 

a .  Refractive index of r;he Metal: To interpret  the changes in A and 9 upon 

b. The slowness of making measurements: Many electrochemical reactions occur 
qui te  rapidly so  that it is desirable t o  make rapid ell ipsometric measurements so  
that ccmpeting reactions do not d i s t o r t  the  measurements. The manual adjustment 
of the ellipsometer requires about one minute. This i s  a very long time compared 
t o  electrochemical t ransients  which axe of ten carried out in  a few milliseconds. 
Various types of autaaated e l l i p sme te r s  are being made but thus far only give a 
response on the order of a second. 
possible but require considerable sophistication in the  opt ical  and electronic  
components t o  give acceptable accuracy. 

In principle,  much f a s t e r  instruments a re  

c .  Interpretat ion of resu l t s :  The Fnterpretation of resu l t s  obtained by 
el l ipsanetry can be quite d i f f i c u l t .  
t ronic  conductors and hence absorb l i g h t .  
properties:  thickness, r e a l  part of the re f rac t ive  index and absorption coeffi-  
c ien t .  From a &le measurement of A a n d  t, these three quant i t ies  cannot be unique- 
ly determined. 
These may be e i ther  ell ipsometric measurements or involve 813 independent method. 
The e l l i p s m e t r i c  methods include varying the re f rac t ive  index of the media, vary- 
ing the substrate ,  varying the angle of incidence and vsrybg the wavelength. Non 
el l ipsmetr ic  methods are  t o  determine n or n f r m  independent measurements on the  
fi lm material and determining the mount of f i lm by coulometry. 

Many electrochemically formed fi lms are  elec- 
The f i b  then possess three opt ica l  

Several methods of attacking t h i s  problem have been suggested. 

0 
For very th in  films (100 A )  , the method of var ia t ion of film thickness with 



refract ive index assumed constant does not succeed unless very p e c i s e  (error  
<(O.0lo) measurements can be made. 
the method will generally not succeed. 
t i ve  index is l ike ly  t o  depend on thickness. 
method may succeed. 

Since the e r ror  is typical ly  greater than t h i s ,  
Also,  fo r  such very th in  f i l m s ,  the refrac- 

For films thicker than 100 8, t h i s  

The method of varying the substrate  while keeping the same film has been 
theore t ica l ly  shown t o  be successful. In pract ice ,  fo r  electrochemical measure- 
ments, this method could only be used fo r  adsorbed fi lms. For f i b  formed from 
the substrate  material, the  method i s  not applicable. Also, it may Wove exper- 
imentally d i f f i cu l t  t o  produce films of the same thickness on different  substrates. 

Theoretical calculat ions have sham that the method of var ia t ion  of the 
refractive index of the medium should a l so  be a feasible  method of obtaining a 
solution for  n, n and L. 
f i l m  as the  media is  changed - an assumption which may -prove d i f f i c u l t  t o  verify. 

However, one nust assume that no change occurs in  the 

Calculatinns have shown tha t  the method of var ia t ion of the angle of incidence 
may succeed i n  special  cases but is not 8 general method. 

The method of var ia t ion  of wavelength may also be attempted. O n e  complication 
which would enter is tha t  K w i l l  depend on the wavelength. 
addi t ional  variable s o  tha t  a solut ion would probably not be possible. 

This w i l l  give an 

The use of values of n or xfor  buUi materials has been used with some success. 
Here, one axst  show tha t  the th in  fi lm is the same as the bulk material on which 
the measurements were d e .  Also, fo r  very t h i n  films, it is probable tha t  n and 
n vary with thickness due t o  cap res s ion  of the film. 

The use of coulometry with e l l i p sme t ry  can be used t o  r e s t r i c t  the range of 
possible thicknesses. Thus, by combining coulometry with ellipsometry the values 
of n, H and L can be restricted. 

The overall picture presented on the poss ib i l i ty  of uniquely determining n, n 
In  r e a l i t y  the s i tua t ion  is not nearly so 

By r e s t r i c t ing  the values of n and irto ranges which axe experimentally found 
5 ) ,  cer ta in  r e s t r i c t ions  on the film properties may be made. 

and L fo r  th in  films seems ra ther  poor. 
bad. 
( 1  < n < 5 ,  0 < -x < 
A minimum value of f i lm thickness which i s  compatible with A and 1’ is  usually found. 
Thus one can conclude that the film must be thicker than a minimum value. Also, 
light absorbing films a re  readi ly  distinguished from transparent films. 

The problem i n  inhomogeneous f i lm has a l s o  received theore t ica l  a t tent ion.  
Here it has been sham tha t  the films are seen by the ellipsometer as a uniform 
film with an average thickness and re f rac t ive  index. 

summary 
Ellipsanetry is a very sensi t ive too l  which may be applied in s i t u  t o  study 

electrochemical react ions involviry f i lms.  I n  considerhg the use of ellipscanetry, 
one should cnnsider the problems i n  applying the method. 
cu l ty  of obtaining the opt ica l  parameters of bare metals and the d i f f i cu l ty  of 
analyzing l igh t  absorbing fibs.. These problems are  not insurmountable so that 
ellipsometry is becoming increasingly important i n  research. 

These include the d i f f i -  
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Opt ica l ly  Transparent Electrodes 

Theodore Kuwana and George S t ro jek  

Department of  Chemistry, Case I n s t i t u t e  o f  Technology, Cleveland. Ohio 

Opt ica l ly  t ransparent  e l e c t r o d e s  (On) made from t h i n  metal l a y e r s  on g lass  
were f irst  used i n  e lectrochemical  s t u d i e s  involving photovol ta ic  e f f e c t s .  
More recent ly ,  OTE made from "doped" t i n  oxide coated g lasses  were appl ied t o  
e lec t rode  reac t ions  where the  products  formed were followed by o p t i c a l  spectroscopy.2 
The use of  these e l e c t r o d e s  has now been extended t o  a i d  t h e  e l u c i d a t i o n  o f  
mechanism and k i n e t i c s  of organic  e lec t rode  r e a c t i o n s .  

The appl ica t ion  o f  i n t e r n a l  r e f l e c t a n c e  spectroscopy (IRS) with OTE f o r  follow- 
ing processes involv ing  absorbing spec ies  a t  a d i s tance  from t h e  e l e c t r o d e  sur face  
Well within the  th ickness  o f  t h e  d i f f u s i o n  l a y e r  has been experimental ly  demonstrat- 
ed .4  
the  inc ident  l i g h t  pass ing  normal t o  t h e  sur face  of  OTE allows s p e c t r a l  monitoring 
i n  a minimum of th ickness  o f  about lo4  A ,  depending on concentrat ion and molar 
a b s o r p t i v i t y  of t h e  absorbing spec ies .  
two orders  of magnitude. 
a l s o  being pursued i n  var ious l a b o r a t o r i e s .  

The advantages of  OTE a r e  q u i t e  c l e a r .  Normal t ransmission spectroscopy with 

IRS lowers t h i s  minimum th ickness  by one o r  
IRS using germanium e lec t rodes  i n  t h e  i n f r a r e d  region is  

Although some work has been done with t h i n  metal f i lms vapor depos i ted  on 
g lass  s u b s t r a t e s ,  most of  our s t u d i e s  have employed OTE made from doped t i n  oxide 
coat ings on Elasses  obta ined  from two commercial sources .  Although t h e  doping 
mater ia l  can be v a r i e d ,  antimony i s  commonly used and t h e  r e s u l t i n g  t i n  oxide 
coa t inp  is a The carrier dens i ty  is 
high,  t h e  order  of  1020 - 10 
on leve l  of  dopjng and th ickness  of the  coa t ing .  
as  5-10 ohm-cm- 

type semicondyttor with a broad band gap. 
ern-?'. 

have been prepared.  

The r e s i s t a n c e  v a r i e s  considerably,  depending 
Surfaces  with r e s i s t a n c e s  as low 

EXPERIMENTAL 

For e lectrochemical  s t u d i e s ,  it i s  d e s i r a b l e  t o  minimize t h e  ra t io  of  sur face  
a r e a  t o  r e s i s t a n c e ,  so a t h i n  c i r c u l a r  r i n g  of  conducting sur face  is used as shown 
i n  t h e  cel l  design o f  Figure 1. 
s p e c t r a l  s t u d i e s .  
ampl i f ie rs  and a Hwlet t -Packard Model 467A power ampl i f ie r  is  used. 
work i s  done cm e i t h e r  a Cary Model 15 s p e c t r o p h o t o m t e r  o r  a Warner-Swasey Co. 
Rapid-Scanning mil l isecond spectrophotometer. 

A simple sandwich type cel l  is employed f o r  
A p o t e n t i o s t a t  u t i l i z i n g  s o l i d  s t a t e  Phi lbr ick  opera t iona l  

S p e c t r a l  

RESULTS AND DISCUSSION 

Prel iminary measurements of  t h e  d i f f e r e n t i a l  capaci tance o f  t h e s e  t i n  oxide 

S ince  t h e s e  e l e c t r o d e s  
e l e c t r o d e s  f o r  var ious  pH's and e l e c t r o l y t e s  have been made by superimposing a 
small o s c i l l a t i n g  vol tage  on a changing dc b i a s  vol tage .  
behave q u i t e  i n e r t l y  i n  most e l e c t r o l y t e s ,  t h e  p o t e n t i a l  range which can b e  
examined is  ex tens ive  i n  comparison t o  most o t h e r  semiconductor e l e c t r o d e s .  I t  
is  f o m d  t h a t  t h e r e  is a p o t e n t i a l  region i n  which t h e  d i f f e r e n t i a l  capaci tance 
remains f a i r l y  independent of e l e c t r o l y t e s  (e .g .  KC1, Na2S04, KClO , e t c ) ,  t h e i r  
concentrat ion and pll, and depends mainly on t h e  p a r t i c u l a r  semiconiuctor; For 

I' 
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\ 

1 example, a semiconductor with a r e s i s t a n c e  of 10 ohm-cm-’ gave a d i f f e r e n t i a l  \ 

i 
capaci tance of 2 . 4  uF-crn-’ i n  K C 1  s o l u t i o n s  0.03 t o  1.0 molar (pH = 6 . 5 )  over 
t h e  p o t e n t i a l  range -0.3 t o  4 . 4  V. 5 S C E .  
tance between 10-15 uF-cm-2 i n  a p o t e n t i a l  range o f  +0.3 t o  -0.1 Y vs SCE but a t  
more nega t ive  p o t e n t i a l s ,  C- 
deple t ion  of e l e c t r o n s  i n  t h e  space charge layer .  

Another semiconductor gave a capaci- 
, 

var ied  l i n e a r l y  with e lec t rode  p o t e n t G 1  due t o  

r 
Using t h e s e  e l e c t r o d e s ,  i t  is easy t o  follow the concentrat ion o f  absorbing 

s p e c i e s  formed durinq t h e  course of an e l e c t r o d e  r e a c t i o n .  
v a r i e s  l i n e a r l y  with t h e  rec iproca l  of  t h e  square-root  o f  time during a chrono- 
amperometric experiment as expected i f  t h e  reac t ion  is d i f f u s i o n  c o n t r o l l e d  and 
t h e  product formed absorbs a t  t h e  wavelength o f  t h e  monitoring l i g h t .  S imi la r ly ,  
e lectrochemical  parameters f o r  a v a r i e t y  of experimental techniques,  i .e. chrono- 
potent iometry.  vol tage-scan,  e t c . ,  can be concurrent ly  evaluated by s p e c t r a l  1 
s t u d i e s .  However, i n  many cases  t h e r e  a r e  complications due t o  t h e  electrochemical 
parameters being a f f e c t e d  by pH o r  by type o r  concentrat ion of ions .  

For example absorbancy 

The oxidation of  fe r rocyanide  has  been ex tens ive ly  examined by c y c l i c  vo l t -  
ammetry. Figure 2 g i v e s  examples of t h e  chanEes i n  t h e  c u r r e n t - p o t e n t i a l  (i-E) 
curves  when KC1 concent ra t ion  or pH is  v a r i e d .  Since t h e  s a t u r a t i o n  cur ren t  f o r  
these  semiconductors i s  high,  t h e  usual peak-type i - E  curves ,  i n  which imax is  
d i f fus ior .  l imi ted  are observed. The overvoltage i s  a f f e c t e d  by e l e c t r o l y t e  
concentrat ion and pH. 
but ion throughout t h e  semiconductor and t h e  Helmholtz layer  a r e  complicated. 
Attempts are be iag  made t o  f u r t h e r  eva lua te  t h e  e l e c t r i c a l  properties o f  these 
semiconductors and t o  r e l a t e  them t o  t h e  i - E  c h a r a c t e r i s t i c s .  The s i t u a t i o n  
appears promising s i n c e  these  e l e c t r o d e s  behave q u i t e  i n e r t l y  over  a wide p o t e n t i a l  
range. 

However, t h e  q u a n t i t a t i v e  aspec ts  of  t h e  p o t e n t i a l  d i s t r i -  

‘ 

In t h e  oxida t ion  of o - t o l i d i n e  a t  pH 1.0, a one s t e p ,  two e l e c t r o n  i - E  wave 
is  observed wi th  both OTE and platinum. 
pH, and t h e  i - E  curves  with OTE show la rge  overpoten t ia l s .  
t h e  wave s p l i t s  i n t o  two peaks; with OTE, t h e s e  waves are w e l l  developed and 
compare favorably t o  those  obtained a t  plat inum. 
pro tona ted  and apparent ly ,  i t s  i n t e r a c t i o n  with t h e  semiconcuctor s u r f a c e  is 

electrochemical  experiments, t h e  e l e c t r o d e  mechanism and assoc ia ted  r e a c t i o n s  were 
determined to  be: 

Both amino groups are protonated a t  t h i s  
A t  pH 4.0 with platinum, 

A t  t h i s  pH, o - t o l i d i n e  i s  mono- 

responsible  for  t h e  lower overpoten t ia l .  From o p t i c a l  s t u d i e s  dur ing  var ious i 

and a d ispropor t iona t ion  equi l ibr ium: 



where R ,  S -  and T a r e  t h e  reduced, t h e  f r e e  r a d i c a l  in te rmedia te  and t h e  two- 
e l e c t r o n ,  f u l l y  oxidized molecule, r e s p e c t i v e l y .  
evaluated under psuedo f i r s t  o rder  condi t ions .  
hydro lys is  reac t ion  o f  IY;' has  been measured. 

which follow the  charqe t r a n s f e r  s t e p  have been a l s o  determined using OTE. 
s p e c t r a l  examinations and r e s u l t s  of  these systems w i l l  be d iscussed .  

The r a t e  constant  k f  has been 
The r a t e  cons tan t  f o r  t h e  slower 

Rate constants  f o r  some chemical coupl ing and dimerizat ion type reac t ions  
The 

The technique of IRS has been used. t o  monitor sur face  concentrat ion of 
spec ies  durinq oxidat ion a t  t i n  oxide coated OTE. The monitorinR l i g h t  was 
a t  a wavelenRth where t h e  spec ies  absorbed. Determination o f  a spectrum is 
d i f f i c u l t ,  because s i n p l y  tak inn  t h e  d i f fe rence  i n  o p t i c a l  absorbancy with and 
without absorbing s p e c i e s ,  does not give t h e  c o r r e c t  spectrum f o r  t h e  spec ies .  
Recent t h e o r e t i c a l  a n a l y s i s 6  of  t h e  t o t a l  IRS phenomenon has made p o s s i b l e  t h e  
eva lua t ion  of chanRes occurinq a t  t h e  s u r f a c e .  
some r e s u l t s  and t h e  p o s s i b l e  implicat ions and d i r e c t i o n  of IRS a t  OTE. 

Comments w i l l  be made about 
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I 

In general the rate of an electrode reaction will be determined by both 
charge-transfer and mass-transfer polarization, even in the case of slow reactions 
if the concentration of one reactant is small. The purpose of this paper is to 
examine the theoretical time behavior of the reaction rate at constant potential, 
for electrodes having planar, spherical or cylindrical symmetry. The electro- 
chemical systems considered will be limited to first-order charge-transfer mechanisms. 
The current-time relation for planar electrodes at constant potential is known. 
This will be examined in greater detail, particularly from the standpoint of rapid 
reactions. 
electrodes. 
electrodes, and a numerical method for the general solution outlined. 

Then a general solution will be given in closed form for spherical 
Finally an approximate solution will be developed for cylindrical 

Current-potential relations 
Thz current-potential relation for f reaction of the type: 

R(Z'n)+ = 0' t ne- was derived by Gerischer: 

Here i is the net anodic current density at overpotential q, io the exchange 
current density, $ the transfer coefficient and E Z F/RT. The activities of R 
and 0 are designated a and a0 at the electrode-solution interface at time t; 
these differ from the gulk values aa and a: as a result of mass transfer effects. 
Equation 1 is limited to those charge-transfer mechanisms in which all of the 
electrical-work involved occurs during the rate-determining step, and which are 
fir t order (defined at constant potential) with respect to the activities aR and 
a0. 393 

For rapid reactions the following approximation to eq. 1, also due to 
Geri~cher,~ is generally ~sedg5'~ 

AaR AaO 
ncr) + - - - 

R aO a 
aR aO i/io I nEq + - - - = 

0 0 0 
a; a. 
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where haR = aR - a 8  and Aao = a 0  - a8. 
t h a t  7, AaR and hao a r e  a l l  sma l l ,  a se t  of l i m i t a t i o n s  t o o  conf in ing  f o r  r ap id  
r e a c t i o n s  where a c t i v i t y  changes develop r a p i d l y .  We propose,  i n s t e a d ,  a more 
b a s i c  r e l a t i o n  f o r  r a p i d  r e a c t i o n s ,  v a l i d  a t  a l l  va lues  of AaR and Aao. 
ob ta ined  from eq. 1 by use  of exp (kq) 

Equation 2 was de r ived  on t h e  assumption 

This  i s  
1 t kq: 

(3) 

where - - !& may be s u b s t i t u t e d  f o r  t h e  l a s t  f a c t o r .  Equation 3 reduces  t o  

eq. 2 on ly  i f  t h e  assumpt ion  i s  made t h a t  AaR and 4a0 a r e  small .  
i s  v a l i d  only du r ing  a v e r y  s h o r t  i n t e r v a l  a f t e r  a r a p i d  r e a c t i o n  i s  i n i t i a t e d ;  
a t  l onge r  t imes  eq. 2 w i l l  e x h i b i t  g r e a t e r  d e v i a t i o n s  from t h e  t r u e  r e l a t i o n  (eq 1 )  
t han  w i l l  eq. 3. 
case  of l i n e a r  d i f f u s i o n .  

(fR 0 
aR a o '  

This  assumption 

An i l l u s t r a t i o n  of t h e s e  d e v i a t i o n s  w i l l  be g iven  below f o r  t h e  

P l a n a r  e l e c t r o d e s  
P o t e n t i o s t a t i c  cu r ren t - t ime  r e l a t i o n s  

Ger i sche r  and Vie l s t i chB have de r ived  t h e  s o l u t i o n ,  i n  c losed  form, f o r  
a f i r s t - o r d e r  r e a c t i o n  d e s c r i b e d  by eq, 1, wi th  s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n  a s  
t h e  s o l e  mass - t r ans fe r  p rocess .  The e l e c t r o l y t e  is assumsd t o  c o n t a i n  excess  
n e u t r a l  s a l t ,  so t h a t  c o n c e n t r a t i o n  r a t i o s  may r e p l a c e  t h e  a c t i v i t y  r a t i o s  i n  eq. 1 
w i t h  l i t t l e  e r r o r .  The s o l u t i o n  w i l l  be reproduced here  and a p p l i e d  numerically 
t o  a t y p i c a l  f a s t  r e a c t i o n  t o  i l l u s t r a t e  t h e  range  of v a l i d i t y  f o r  eq. 2 and 3. 
The s o l u t i o n s  f o r  t h e  c o n c e n t r a t i o n s  and c u r r e n t  d e n s i t y  a t  t h e  e l e c t r o d e  su r face  
a r e  : 

( 4 )  

. .  

( 6 )  i = i  (t=o) exp(A 2 t ) e r f c ( h t  h ) 

where t h e  d e s i r e d  c h a r g e - t r a n s f e r  c u r r e n t  cor responding  t o  o v e r p o t e n t i a l  q i s  

(7) 
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Here the quantities A and A are defined by 

with K Dp/Do, the ratio of the diffusion coefficients. It should be noted that 
the equations as given in the Gerischer-Vielstich papef8 contained two e r ro r s  (no 
post-publication corfection found): (1) omission pf KH from the first term of A; 
(2) the quantity ( K T A , ' ~ )  in eq. 4 was given as (KFA/X.). 
written in terms of the charge-transfer current as 

The quantity A may be 

Substituting f o r  A in eq. 4 and 5 one obtains the concentrations in terms of the 
charge-transfer current: 

If the electrode reaction is rapid ( 7  small), the current-time relation 
is still given by eq. 6 but the parameters i(tZo), X and A may be simplified to: 
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The cu r ren t - t ime  r e l a t i o n  (eq. 6) i s  o b t a i n a b l e  from eq. 1 by s u b s t i t u -  
t i o n  f o r  CR and co from eq. 4 and 5 .  
t i o n s  i n  eq. 2 and 3 y i e l d s  t h e  cor responding  approximate cur ren t - t ime curves.  
The fo l lowing  numerical  c a s e  was s e l e c t e d  t o  i l l u s t r a t e  t h e  d e v i a t i o n s  of t h e  
approximate curves  from t h e  r i g o r o u s  one:  io = 5 x 10-3 A/cm2 a t  25OC, P = 0.5, 
n = 1, c 8  = 5 x 10-2 and CR = 10-2 mole/C; = 2 x 10-5 and DR = 10-5 cm2/s. 
With t h e s e  va lues  t h e  r e a c t i o n  r a t e s  should be roughly  e q u i v a l e n t I t o  t h o s e  
r epor t ed9  f o r  t h e ' f e r r o u s - f e r r i c  r e a c t i o n  on b r i g h t  platinum. 
c a l c u l a t e d  cu r ren t - t ime  cu rves  f o r  an a p p l i e d  o v e r p o t e n t i a l  of 10 mV. A t  t h e  
l o n g e s t  t ime shown ( t  = 0 .21  s )  co has  changed by 2.4% and CR 17%. 
a r e  s u f f i c i e n t  t o  cause c o n s i d e r a b l e  d e v i a t i o n  of eq. 2 from t h e  t r u e  curve,  but 
eq. 3 remains ex t remely  c l o s e .  Thus eq. 3 should be used  a s  t h e  b a s i c  rap id-  
r e a c t i o n  equa t ion ,  wh i l e  t h e  former i s  an approximation u s e f u l  on ly  f o r  ve ry  
s h o r t  r e a c t i o n  t imes .  

S i m i l a r l y ,  s u b s t i t u t i o n  f o r  t h e s e  concentra- 

F igure  1 shows the  

These changes 

I t  may be noted  from eq. 4 a ,  5a t h a t  t h e  maximum change i n  concen t r a t ion ,  
which occur s  B t  t .+ 

by i(t,o)LnFDi;X]-l. A t  any g iven  t ime t t h e  same f r a c t i o n  [l - exp ( A  t ) e r f c (XtZ) ]  

of t h e  maximum change has  t a k e n  p l a c e  f o r  each subs tance .  
t h i s  f r a c t i o n  i s  0.572 a t  t h e  l o n g e s t  t ime cons idered  (0.21 second).  

(and i .+ 0 ) ,  i s  g iven  f o r  each  of t h e  d i f f u s i n g  2ubs tances ,  

I n  t h e  p r e s e n t  example 

Eva lua t ion  of i(t,o and A .  

I f  t h e  a r iument  A t $  i s  smal l  eq.  6 may be approximated by 

For a v e r y  s h o r t  p e r i o d ,  up  t o  t h e  t ime t p e  l a s t  term i n  b r a c k e t s  ceases  t o  be 
n e g l i g i b l e ,  t h e  i n i t i a l  r e g i o n  of t h e  i-t7 curve i s  l i n e a r  (e.9. t<10  m s  i n  Fig. 1). 
From t h i s  l i n e  i ( t = o )  may be ob ta ined  by e x t r a p o l a t i o n ,  and t h e  s lope  of t h e  l i n e  
y i e l d s  A. Exper imenta l ly ,  however, t h i s  l i n e a r  r eg ion  w i l l  o f t e n  be i n a c c e s s i b l e  
f o r  modera te ly  r a p i d  r e a c t i o n s  wi th  present -day  p o t e n t i o s t a t i c  c i r c u i t r y .  
a p p r e c i a b l e  time i s  r e q u i r e d  t o  a t t a i n  t h e  c o n t r o l  p o t e n t i a l  w i t h i n  a sma l l  f r a c t i o n  
of a m i l l i v o l t  (q being s m a l l ) ,  p r i m a r i l y  because it is necessa ry  t o  i n c o r p o r a t e  
au tomat i c  compensation f o r  t h e  I R  drop  between t h e  c o n t r o l l e d  e l e c t r o d e  and t h e  
c a p i l l a r y  t i p  of t h e  r e f e r e n c e  e l e c t r o d e l o .  

An 

To permi t  a n a l y s i s  of exper imenta l  cu r ren t - t ime  curves  which exc lude  t h e  
i n i t i a l  l i n e a r  r e g i o n ,  we p r e s e n t  h e r e  a n o t h e r  s imple  procedure  f o r  e v a l u a t i n g  
i ( t = o )  and A. I n  t h i s  method one s e l e c t s  an a r b i t r a r y  t ime t, and r e a d s  t h e  
c u r r e n t  from t h e  expe r imen ta l  curve  a t  t imes  t and 4 t .  The r a t i o  of t h e s e  two 
c u r r e n t s  i s  

exp(X2t )e r f c (Xt  3 )  
( L t )  - exp(4A2t) e r f  c (2Xt*) 

Th i s  r a t i , o  i s  r e a d i l y  c a l c u l a t e d  f o r  a l l  v a l u e s  of A& rom t a b l e s l l  of t h e  
f u n c t i o n  exp ( y 2 ) e r f c ( y ) ,  and  i s  shown i n  Fig. 2 f o r  A t  f = 0 t o  1. The expe r i -  

I 

1 
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t' 

i 

mental va lue ,o f  t h e  c u r r e n t  r a t i o  f o r  a s p e c i f i c  time t l  ha? a cor responding  
va lue  of A t 1 2  which i s  ob ta ined  from Fig.  2, and t h i s  va lue  y i e l d s  A. 
cedure may be r epea ted  f o r  times t 2 , t 3 , t  g. . . to o b t a i n  a mean va lue  of A. 
U t i l i z i n g  t h e  mean X, each measured c u r r e n t  a t  t l , t 2 , t 3  ...y i e l d s  i ( t = o  
eq. 6. I f  t h e  d e v i a t i o n s  of t h e  i n d i v i d u a l  v a l u e s  of A o r  of i ( t=o) aLout t h e  
mean v a l u e  a r e  found t o  be  smal l  and randomly d i s t r i b u t e d ,  one has s u p p o r t , f o r  
t h e  a p r i o r i  assumption of a f i r s t - o r d e r  c h a r g e - t r a n s f e r  mechanism. I i n c r e a s e s ,  t h e  s lope  of t h e  curve  i n  Fig.  2 d e c r e a s e s ;  hence t h e  p r e c i s i o n  wi th  
which X can $Je eva lua ted  d e c r e a s f z  wi th  i n c r e a s i n g  time i n  t h e  in te rmedia te - t ime 

Eva lua t ion  of charqe- t ransf  er  parameter  s6 y 7  

determine  i tZo) from p o t e n t i o s t a t i c  cu r ren t - t ime  cu rves  a s  a f u n c t i o n  of q ,  e i t h e r  
f o r  anodic  ( q  p o s i t i v e )  o r  ca thod ic  ( q  n e g a t i v e )  p o l a r i z a t i o n .  The well-known 
Tafe l  p l o t  t h e n  y i e l d s  both  io and p .  
of i ( t Z o )  i n  a g iven  s o l u t i o n  y i e l d s  io from eq. 10: s i n c e  io i s  g i v e n  by 

The pro- 

from 

A s  A t 2  

range (0.85 - i ( t ) / i ( t=o )w > 0.45) . 
For slow e l e c t r o d e  r e a c t i o n s  (q r e l a t i v e l y  l a r g e ) ,  it i s  s u f f i c i e n t  t o  

For r a p i d  r e a c t i o n s  ( smal l  q ) ,  measurement 

(15) 

i s  t h e  s t anda rd  exchange c u r r e n t  dens i ty ,12  p i s  ob ta ined  from d e t e r -  where io 
minat ion& of io wi th  s o l u t i o n s  i n  which a i  i s  v a r i e d  a t  cons t an t  a8 ,  % a8 v a r i e d  
a t  c o n s t a n t  a8. 

Evalua t ion  of DR o r  Do 
The r a t i o  i( t=o)/A from eq. 7 and 8 i s  g iven  by 

and i s  seen  t o  be independent of io and p. 
ob ta ined  from a s i n g l e  p o t e n t i o s t a t i c  cu r ren t - t ime  curve  pe rmi t  Q s t d a t i o n  of  
one of t h e  d i f f u s i o n  c o e f f i c i e n t s  i f  t h e  o t h e r  i s  known. T h i s  is s o  even though 
i ( t ,O)and  A a r e  ob ta ined  from t h e  cu r ren t - t ime  curve a t  s h o r t  t imes ,  where t h e  
r e a c t i o n  i s  p a r t l y  c o n t r o l l e d  by t h e  c h a r g e - t r a n s f e r  k i n e t i c s .  

The c u r r e n t  a t  long times ( A t $  >> 1 )  i s  under  complete mass - t r ans fe r  

Thus t h e  v a l u e s  of  i t=o and A 

c o n t r o l ,  and a p l o t  of i vs. t 7  i s  l i n e a r  w i t h  a s l o p e  p r o p o r t i o n a l  t o  t h e  r a t i o  
i ( t = o ) / X ,  a s  was shown by G e r i s c h e r  and V i e l s t i c h . 8  Hence t h e  long-time c u r r e n t s  
permi t  e v a l u a t i o n  of t h e  d i f f u s i o n  c o e f f i c i e n t  somewhat more d i r e c t l y .  

S p h e r i c a l  E l e c t r o d e s  

The problem is  so lved  he re  i n  c l o s e d  form f o r  an e l e c t r o d e  r e a c t i o n  a t  
c o n s t a n t  p o t e n t i a l  i nvo lv ing  a f i r s t - o r d e r  c h a r g e - t r a n s f e r  mechanism (eq  l ) ,  wi th  
d i f f u s i o n  i n  a system of s p h e r i c a l  symmetry a s  t h e  s o l e  mode of mass t r a n s f e r .  
The mathematical  fo rmula t ion  of  t h e  problem compr ises  d i f f e r e n t i a l  equa t ions :  
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w i t h  i n i t i a l  c o n d i t i o n s  ( t = O ,  r> a ) :  
( a l l  t ) :  

CR = CE, CO = c 8  and boundary c o n d i t i o n s  

I 

Here 2 i s  t h e  e l e c t r o d e  r a d i u s ,  and 
c o n c e n t r a t i o n s  s u b s t i t u t e d  f o r  a c t i v i t i e s .  

Genera l  S o l u t i o n  
The g e n e r a l  s o l u t i o n  of  t h i s  problem, d e r i v e d  by t h e  Laplace  t ransform 

method, i s  presented  i n  t h e  Appendix. Equat ions  A17 and A 1 8  g i v e  t h e  concentra-  
t i o n  changes a t  t h e  e l e c t r o d e ,  and e q  A 1 9  t h e  c u r r e n t  d e n s i t y .  
t h e  cur ren t - t ime curve  a r e  of p a r t i c u l a r  i n t e r e s t  f o r  e x t r a c t i n g  t h e  charge- t ransfer  
parameters ,  namely t h e  i n i t i a l  s h o r t - t i m e  s e c t i o n  and t h e  f i n a l  long-time sec t ion .  

exp x2 e r f c  x 
c o n v e r t  t o  

i s  t h e  c u r r e n t  d e n s i t y  g iven  by eq 1 wi th  

Two r e g i o n s  of 

( a )  S h o r t - t i m e , s o l u t i o  : This  i s  o b t a i n e d  by use of t h e  approximation, 
1 - (2/rC) x + x’, which i s  v a l i d  f o r  smal l  x. Equat ions A17-19 

(17)  

aXL J J 

where 

i exp(  1 - p ) n E q  io exp(-pnErl) 
(20) 

0 
; x =  

R nFDRcR 0 nFDOcO 
A x o  

0 

and a l s o  A = A D! + A D+ and i(t=o) = nF(XRDRci - ~ D ~ C O )  a s  f o r  p l a n a r  geometry. 
A comparison o! eq 19 w i t h  t h e  cor responding  eq  13 f o r  ?he p l a n a r  case shows t h a t ,  
over  s u f f i c i e n t l y  s h o r t  times such t h a t  t h e  t e r m , i n  t i s  n e g l i g i b l e ,  t h e  sphere  
and p l a t e  e l e c t r o d e s  y i e l d  t h e  same l i n e a r  i - t2 r e l a t i o n .  The l i n e a r  behavior  
t e r m i n a t e s  sooner  f o r  t h e  s m a l l  s p h e r e ,  however, s i n c e  t h e  term i n  t i s  l a r g e r  i n  
eq  19 than  i n  eq  13. 

0 0  

I f  t h i s  l i n e a r  p o r t i o n  of t h e  curve  i s  e x p e r i m e n t a l l y  a c c e s s i b l e ,  t h e  
v a l u e s  o f  A and i ( t Z o )  o b t a i n e d  from it can be used  t o  de te rmine  t h e  charge-  
t r a n s f e r  parameters  and one of t h e  d i f f u s i o n  c o e f f i c i e n t s ,  a s  d e s c r i b e d  above 
f o r  p l a n a r  e l e c t r o d e s .  For modera te ly  r a p i d  r e a c t i o n s ,  i f  t h e  i n i t i a l  p o r t i o n  
is  i n a c c e s s i b l e  c h a r g e - t r a n s f e r  parameters  can be determined from t h e  long-time 
p o r t i o n  of t h e  curve a s  shown below. 
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(b) Long-time solution: 
= rr-* x-l, valid for large values of x. 

Use is made of the approximation, exp x2 erfc x 
Squations A17-19 become 

A plot of i against t* is a straight line, of form 

with intercept .. ' 

i i (t=o) 
1 + aX + aX (t ,001 = 

R O  

and slope 

a2(AR/b2 + 3 ) i(t=o) 
2 a -  

T' (1 + aXR + aXo) 

It may be recalledl5 thgt reversible reactions at spherical electrodes also 
exhibit a linear i - t T  curve at long times, but the intercept and slope are ' 

then quite different from the corresponding expressions for irreversible reactions 
(eq 23b,c). 

At long times the current at a spherical electrode goes towards the 
finite value given by eq 23b, whereas at a plane electrode the corresponding 
current goes to zero. 
diffusion controlled* at kt8 >l(or at i/i(tz0) < 0.43), so that currant measure- 
ments at long times give no information about the charge-transfer mechanism. 
small spherical electrodes, however, the reaction remains under partial charge- 
transfer control at all times. 
charge-transfer parameters may be derived as follows. 

In the latter case the reaction becomes essentially 

With 

Provided the diffusion coefficients are known, the 
We define the quantity 
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The combination of eq  23b, 23c and 24 yields 

, I  1 - -  
i 2 j )  Ao-a?-p(&j-) - p - l -  J < 

I 
i 

9, we may p l o t  log \ 

This  permi ts  e v a l u a t i o n  of AO corresponding t o  t h e  v a l u e  of 7 which e s t a b l i s h e s  
t h e  c u r r e n t - t i m e  curve.  A f t e r  measuring c u r r e n t - t i m e  curves a t  s e v e r a l  va lues  of 

a g a i n s t  q ,  s i n c e  from eq 20 

I 
t o  o b t a i n  p from t h e  s l o p e  and io from t h e  i n t e r c e p t  a t  7 1 0. 

P a r t i c u l a r  case:  D = Do i R 
I t  i s  of i n t e r e s t  t o  examine t h e  s p e c i a l  c a s e  of DR = Do = D which was \ 

t r e a t e d  by Shain, M a r t i n  and R0ss.1~ The time v a r i a t i o n s  of c u r r e n t  d e n s i t y  and 
I 

c o n c e n t r a t i o n s  a t  t h e  e l e c t r o d e  s u r f a c e  become, from eq A17-19, 

c -- 0 

1 + X) 2 2  A t ) e r f c ( ( l  + h)At')] 

(1 + b ) 2 h 2 t ) e r f c ( ( l  + b)At '1 

1 
where b = DT/ah. 
p r e v i o u s l y  given.14 

Equat ion  28 is e q u i v a l e n t  t o  t h e  s o l u t i o n  f o r  t h e  c u r r e n t  

1 
The s h o r t - t i m e  c u r r e n t  a t  A t 2  << 1 now becomes 

Thus from a s i n g l e  p o t e n t i o s t a t i c  cur ren t - t ime curve t h e  i n i t i a l  l i n e a r  i - t* 
p o r t i o n  y i e l d s  A and i ( t Z o ) ,  from which t h e  c h a r g e - t r a n s f e r  q u a n t i t i e s  P and io 
are e v a l u a t e d ,  and t h e  r a t i o  i(t,o)/A g i v e s  t h e  d i f f u s i o n  c o e f f i c i e n t  (eq  16) .  

it i s  p o s s i b l e  t o  d e r i v e  t h e  c h a r g e - t r a n s f e r  parameters  from t h e  c u r r e n t s  a t  
l o n g e r  ,times provided  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  known. 
a t r e a t m e n t  of t h e  longer - t ime c u r r e n t s  involv ing  t r i a l - a n d - e r r o r  curve f i t t i n g ;  
t h i s  t rea tment  i s  r e s t r i ' c t e d  t o  slow r e a c t i o n s  a t  r e l a t i v e l y  h igh  7. 
h e r e  t h a t  t h e  long-time c u r r e n t  i s  g i v e n  by e q  23, which when s i m p l i f i e d  f o r  DR= 
Do = D y i e l d s  

I f  t h e  i n i t i a l  p o r t i o n  of  t h e  curve i s  e x p e r i m e n t a l l y  i n a c c e s s i b l e ,  

Sha in  e t  a l l4  d s s c r i b e d  

We note  
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This  provides  a more d i r e c t  method, and one which i s  a p p l i c a b l e  t o  r a p i d  r e a c t i o n s .  
The s l o p e  J and i n t e r c e p t  i ( t  
form 

of t h i s  l i n e a r  i / t -T r e l a t i o n  y i e l d s  A i n  t h e  - a) 
(331) 

From A t h e  q u a n t i t y  5 =<D/aX i s  c a l c u l a t e d ,  whence i ( t = o )  i s  o b t a i n e d  from t h e  
i n t e r c e p t  i ( t  We may determine i t=o)  i n  t h i s  way a t  
s e v e r a l  v a l u e s  of 7 ,  u s i n g  a s i n g l e  s o l u t i o n  and e i t h e r  ano 6 i c  
p o l a r i z a t i o n .  
by eq  7 ,  which may be rear ranged  t o  

= i(t=o) S ( 1  + 5 ) - l .  
c a t h o d i c  ' 

Thus f o r  anodic  p o l a r i z a t i o n  t h e  c h a r g e - t r a n s f e r  c u r r e n t  is  g i v e n  

A p l o t  of t h e  l e f t  s i d e  a g a i n s t  q y i e l d s  io ( i n t e r c e p t )  and ( s l o p e ) .  

C y l i n d r i c a l  E l e c t r o d e s  

Here t h e  problem comprises  a f i r s t - o r d e r  c h a r g e - t r a n s f e r  mechanism 
(eq  1) combined wi th  d i f f u s i o n  t o  a c y l i n d r i c a l  e l e c t r o d e  of r a d i u s  a a s  t h e  
s o l e  mass- t ransfer  process .  A s  b e f o r e ,  t h e  time v a r i a t i o n s  of c u r r e n t  and 
c o n c e n t r a t i o n s  a t  t h e  e l e c t r o d e  s u r f a c e  a r e  t o  be determined f o r  a r e a c t i o n  a t  
c o n s t a n t  p o t e n t i a l .  The mathematical  d e s c r i p t i o n  c o n s i s t s  of d i f f e r e n t i a l  
e q u a t i o n s :  

2 

Rc 1 ;\2c $3Co P c  
- -  R - D  I - + - -  ' R 1 "R 1 ; 
A C  

a t  R ~~~2 r ar J = D o [ - $ + i 2  r 

w i t h  i n i t i a l  c o n d i t i o n s  (t = 0 ,  r 2 a ) :  CR = c i ,  co = cg, and boundary c o n d i t i o n s  
( a l l  t ) :  

0 0 
'R 'R ; co -+ co r -+ m: 

r z a: i = nFDR o ar 

A s o l u t i o n  of t h i s  problem based on t h e  use  of L a p l a c e - t r a n s f o r m s ,  i s  
d e s c r i b e d  i n  t h e  Appendix. The method does n o t  l e a d  t o  a g e n e r a l  s o l u t i o n  i n  
c l o s e d  form, b u t  t h e  e n t i r e  cur ren t - t ime curve may be de te rmined  numer ica l ly  f o r  
any s p e c i f i c  case.  An approximate s o l u t i o n ,  v a l i d  a t  s u f f i c i e n t l y  s h o r t  times, 
i s  d e r i v e d  wi th  t h e  use  of asymptot ic  expansions.  The c u r r e n t  and t h e  concentra-  
t i o n s  a t  t h e  e l e c t r o d e  s u r f a c e  a r e  g i v e n  by eq  A33-35 of t h e  Appendix. For t h e  
s p e c i a l  case  DR = Do = D, t h e s e  e q u a t i o n s  c o n v e r t  t o :  
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where h = A(1 + b/2): quantities A and 6 are the same as defined above for planar 
and spherical symmetry. 
planar electrodes if the cylinder is large (a > > E / h ) .  
there will be a short period of time duTing which a Cylindrical electrode of any 
radius will yield the same linear i - tT relation as does the plane electrode. 
Deviation from this line, represented by the term in h2t, will develop somewhat 
faster at a small cylindrical electrode than at a plate, but not sb fast as at a 
spherical electrode of the same radius. 

The equations reduce to the corresponding ones for 
It is seen from eq 33 that 

Comparison of planar. spherical and cylindrical electrodes 
A numerical solution was carried out13 (see Appendix) for the current- 

time curve at a small cylinder of radius a =dD/X (hence b = 1) for the special 
case of DR = Do = D. 
a sphere of the same radius, obtained from eq 28. Also shown is the curve for a 
large sphere pr large cylinder (a >> v D/X), which is the same as eq 6 for the 
plane. At At2 = 5 the current ratio for this small sphere is close to the value 
b/(l + b )  = .h for t + The current ratio for the planar electrode 
goes to zero as t - 35. The curve for the cylinder is positioned about midway 
between the other two. 

This is compared in Fig. 3 with the corresponding curve for 

(see eq 28). 

Figure 4 presents the short-time approximations to these curves, as 
given by eqs 13, 20 and 33 for the planar, spherical and cylindrical cases 
respectively. 
carvesin Fig. 3, but for the range At7 = 0 to 0.25 the deviation is small. At 
At% = 0.25 the currents given in Fig. 4 are 1.4% high for the planar electrode, 
2.6% high for the cylindrical and 4.3% high f o r  the spherical electrode. 

These approximate curves lie somewhat above the corresponding 

As the electrode radius is increased above the valueJD/X, the upper 
two curves in Fig. 3 and 4 will move gradually closer to the planar-electrode 
curve. 

Summary 
1. A current-potential relation for rapid reactions, applicable to 

first-order charge-transfer mechanisms, is proposed and illustrated by a 
numerical example. 
the form previously used (eq 2). 

This equation (eq 3) has a much wider range of validity than 

2. The analysis of potentiostatic current-time curves for planar 
electrodes, for reactions controlled simultaneously by charge-transfer and 
mass-transfer polarization, has been extended. This analysis is based upon 
measurements of the ratio of current at some time t to that at 4t, and permits 
extraction of the charge-transfer parameters P and io from tQe experimentally 
more accessible part of the curve following the linear i - tF portion. 

Closed-form solutions to the general boundary-value problem for 3. 
spherical electrodes are derived. 

4. The boundary-value problem for cylindrical electrodes has been 
treated, and a general method for obtaining numerical solutions outlined. Also 
approximate analytical solutions valid for short times are derived. 

5. Current-time curves for a particular small radius of sphere and 
cylinder are compared with the corresponding planar-electrode curves. 
small sphere yields higher currents at a given time than does the plate. The 
curve for the cylinder lies between the other two. 

The 

6. The current at a small sphere approaches a constant value, different 
from zero, as t - 14. The long-time current permits determination of the charge- 
transfer parameters because the reaction remains under partial charge-transfer 
control at all times. 

J 

i 
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APPENDIX 

S o l u t i o n  of t h e  d i f f u s i o n  problem f o r  s p h e r i c a l  e l e c t r o d e s .  

The d i f f u s i o n  e q u a t i o n  f o r  a system having f u l l  s p h e r i c a l  symmetry i s  

. .  I 

where c = c ( r , t )  i s  t h e  c o n c e n t r a t i o n  a t  time t and r a d i a l  d i s t a n c e  r.  
t h e  subs t i t u  t i o n 1  1 

On making 

t h e  d i f f u s i o n  

and, i n  terms 

U ( r , t )  = r c ( r , t )  

equa t ion  becomes 

of t h e  new v a r i a b l e .  U = r c  can now be t r e a t e d  i n  much t h e  same 
f a s h i o n  a s  d i f f u s i o n  i n  a l i n e a r  system. Thus i n  t h e  p r e s e n t  problem we d e f i n e  

which s a t i s f y  t h e  d i f f e r e n t i a l  e q u a t i o n s  
.l 

with  i n i t i a l  c o n d i t i o n s ,  f o r  a s p h e r i c a l  e l e c t r o d e  of r a d i u s  a ,  

The remaining c o n d i t i o n  i s  t h a t  f o r  t h e  e l e c t r o d e  c u r r e n t .  
g iven  ( i n  terms of t h e  e l e c t r o d e  r e a c t i o n )  by e q  1, which i n  t h e  p r e s e n t  n o t a t i o n  is 

The c u r r e n t  d e n s i t y  is 

0 Ub( r = a , t )  (AS)  
'R a co a 

W = e x d ( l  - Blncrl'l u R (  = a , t )  - i 
0 

and ( i n  terms of  t h e  d i f f u s i o n  c u r r e n t s )  by 

and 

=a 
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On combining eq A5 - A 7  we find the conditions which must be satisfied 
on the electrode surface r = a: 

= + UO(a,t) ,io + 11 a , - UR(a,t) A ~ R ~  (2) r-a 
I ( A 8 1  

1 
= - Uo(a,t) > + UR(a,t)[AR + ;] (2) r-a 

with K = DdDo and 
i exp[(l - p)ntqJ i exp[-pn~nl 

; A o =  0 nFDO co 
A = '  
R nFDR C; 

8 as in the Gerischer-Vielstich notation . In terms of the Laplace transforms 
W - -st 

Y 0 (r,s) = 1 e Uo(r,t)dt 

YR(r,s) = e UR(r,t)dt 

0 
W 

-st 
0 

the differential equations A2 and initial conditions A 3  become 

The solution which satisfies the boundary conditions A4 is 

Y (r,s) = a(s)  exp[- q r ]  + ct r/s 0 

- 1  where a ( s )  and P ( s )  are determined by the simultaneous solution of eq A8: 

s [ s  + y'Js + a ' ]  

[kocP - ARc;][a d q  +&&,I . exp[a mR] 
$(SI - 

s [ s  + y& + b ' ]  

with 
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Equat ions  A l l ,  w i th  t h e  v a l u e s  of a ( s ) ,  $ ( s )  from eq A12, de te rmine  t h e  Laplace 
t r ans fo rms  of  t h e  v a r i a b l e s  U o ( r , t ) ,  U R ( r , t )  and hence t h e  c o n c e n t r a t i o n s  
c O ( r , t )  c R ( r , t ) .  

We r e q u i r e  t h e  v a l u e s  of t h e  c o n c e n t r a t i o n s  a t  t h e  phase boundary r = a 
The c u r r e n t  i s  most e a s i l y  ob ta ined  by and t h e  c u r r e n t  a s  f u n c t i o n s  of t h e  t ime. 

t ak ing  t h e  Laplace t r ans fo rm of eq A 7 :  

with  Yo(r,s) g iven  by eq A l l  and 

z 

J ( s )  i ( t )  e-st d t  
' 0  

The c u r r e n t  and concen t r a t ions  a r e  now r e a d i l y  ob ta ined  by i n v e r s i o n  of eq A15 
and A l l .  To accomplish t h i s  we must f i r s t  f a c t o r  t h e  common denominator of 
a ( s ) ,  j ( s ) ,  

( s  + y ' Js + b' ) = ( Js + I;) ( Js  + p )  

11 wi th  A =. A o J D ,  t ARJDR.  These r e l a t i o n s  y i e l d  

- (  1 ->)expt2t e r f c t  Jt ] 

A J D R  J D  2 c o :- co o t- c - 1  L - a ( g  - i)' (I - $)expp t e r f c p J t  



where A i s  g iven  by e q  9 a .  
f o r  p l a n a r  e l e c t r o d e s  i f  a i s  l a r g e ,  i . e . ,  a >> (XR + k)". 
Approximate s o l u t i o n  of t h e  d i f f u s i o n  problem f o r  c y l i n d r i c a l  e l e c t r o d e s .  

c y l i n d r i c a l  symmetry a r e  

These e q u a t i o n s  reduce  t d  t h e  corresponding r e s u l t s  

I 

The d i f f u s i o n  e q u a t i o n s  f o r  t h e  s p e c i e s  0 and R i n  a system having f u l l  

"0 q 2 C  aC r 0 1 0 - -  
D o  L ,r2 + f 3 T  1 - a t  i (A21) r' 

1 2 r a r  

and a r e  t o  be solved s u b j e c t  t o  t h e  i n i t i a l  c o n d i t i o n s  

and t h e  boundary c o n d i t i o n s  I 

- - nFDO (a) 
r =a 

The combinat ion of eq 1 and A24 y i e l d s  t h e  c o n d i t i o n s  which m u s t  be 
s a t i s f i e d  on t h e  e l e c t r o d e  s u r f a c e  r = a :  

I n  terms of  t h e  L,aplace t r a n s f o r m s  
m 

Uo(r,s) = c o ( r , t ) e - s t  d t  
0 

(A23) 

(A261 i ,  

r 



9? 

t h e  d i f f e r e n t i a l  equa t ions  A21 and i n i t i a l  c o n d i t i o n s  A22 become 

The s o l u t i o n  which. s a t i s f i e s  t h e  boundary cond i t ions  A23 i sLL  

(A28) 

where 3 ( x )  i s  t h e  modif ied Besse l  func t ion  of t h e  second kind of o r d e r  zero.  
u ( s )  an P(s)  a r e  determined by t h e  s imul taneous  s o l u t i o n  of eq A 2 5 :  

4 s )  = - 
/ -  

K ~ ( J  a )  GD [ A  K c;i - A co]  O R  0 0  R 

Kl(J5 a).hDRIXO C ~ K  - XR c i ]  
DO 

where K1(x) = -dKg(x)/dx i s  t h e  modif ied Besse l  func t ion  of t h e  second kind and 
of o r d e r  1. 

Equat ions  A 2 8  t o g e t h e r  w i t h  t h e  v a l u e s  of a ( s )  and p ( s )  from eq  A 2 9 ,  
determine  U (r,s) and UR(r,s), t h e  Laplace t r ans fo rms  of t h e  c o n c e n t r a t i o n s  
c ( r , t ) ,  cRyr , t ) .  
o g t a i n  t h e  Laplace t r ans fo rm,  J(s), of t h e  c u r r e n t  i ( t ) :  

From e i t h e r  of t h e s e  expres s ions ,  t o g e t h e r  w i th  eq A24, we 
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Unfor tuna te ly  t h e  e x p r e s s i o n s  f o r  UO,UR and J cannot  be i n v e r t e d  
a n a l y t i c a l l y  t o  g i v e  co, CR and i. 
by numer ica l  i n v e r s i o n  of t h e  Laplace t r a n s f o r m s ,  fol lowing t h e  method d e s c r i b e d  
by P a p o u l i s l 3 .  We used t h i s  procedure f o r  t h e  s p e c i f i c  c a s e s  d i s c u s s e d  i n  t h e  
text .  I n  a d d i t i o n ,  an  approximate a n a l y t i c  s o l u t i o n  has  been der ived .  This  i s  
v a l i d  f o r  times much s h o r t e r  than  t h e  s m a l l e s t  of  a2&, a2/DR, a/k.dDR, a / A d b  
( i . e . ,  times s u f f i c i e n t l y  s h o r t  t h a t  t h e  d i f f u s i o n  d i s t a n c e  i s  small i n  comparison 
w i t h  t h e  r a d i u s  of t h e  e l e c t r o d e ) .  The approximate shor t - t ime s o l u t i o n  f o r  t h e  
c u r r e n t ,  i ( t ) ,  w i l l  be ske tched;  shor t - t ime approximate s o l u t i o n s  for t h e  concen- 
t r a t i o n s  a r e  found i n  much t h e  same way, and o n l y  t h e  f i n a l  express ions  w i l l  be 
g iven .  

of i ( t )  f o r  small t i s  de termined  by t h e  behavior  of  J(s) f o r  l a r g e  s. 
s we have11 

A complete s o l u t i o n  may be obta ined ,  however, 

The approximate s o l u t i o n  f o r  i ( t )  i s  based on t h e  f a c t  t h a t  t h e  behavior  
For l a r g e  

r 

a )  dbo 3 Do - 2  
+ I - - + -  f O(s 2, DO 

2 r 2a & 8 a s K, $ a )  
A " 0  

s o  t h a t ,  a s  s -t p, 

i ( t - : o )  J(s) - 
s + A d< - (hoDo + ARDR)/Za 

On f a c t o r i n g  t h e  denominator  of t h i s  e q u a t i o n ,  a s  i n  t h e  above t r e a t m e n t  of t h e  
s p h e r i c a l  e l e c t r o d e ,  we o b t a i n  

2 - -  - ' ex$(+) h2t!erfc[ 9 x Jt] 
2: 

where 

T h i s  r e g u l t  ma 
1 - 2 n T  x + x3, v a l i d  fo r  x << 1, t o  o b t a i n  

be s i m p l i f i e d  by i n t r o d u c i n g  t h e  approximation exp x2 erfc x 2 
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I 

Similarly the concentrations at the electrode surface, for small t, are given by 

For large cylindrical electrodes, such that a >> (AR + A0)-l, these equations 
reduce to the corresponding results for planar electrodes. 

0 
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FIG. I-- CALCULATED CURRENT-TIME RELATIONS. PLANE ELECTROOES: 
-Ea. I, OEq. 2, OEq.3.  

x P 2  
FIG. 2- VARIATION OF CURRENT RATIO i(t)/ i(4t) WITH x P 2  , PLANAR ELECTRODES. 
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Genera l i zed  Theory of E l e c t r o d e  K i n e t i c s  a t  Cons tan t  P o t e n t i a l  

C h a r l e s  A. Johnson ana S idney  B a r n a r t t  

< m e n t a l  Research  Labora to ry .  I I .  S. S t e e l  Corp., Monroevi l le ,  Pa. 

I 
The t h e o r y  o f  i r r e v e r s i b l e  e l e c t r o a e  r e a c t i o n s  a t  c o n s t a n t  p o t e n t i a l  

t r e a t s  r e a c t i o n s  under  s imul t aneous  c o n t r o l  by c h a r g e - t r a n s f e r  and m a s s - t r a n s f e r  
~ o l a r i z a t i o n . ( l - 5 )  
i n  e l e c t r o a e  p o t e n t i a l  from t h e  r e v e r s i b l e  p o t e n t i a l  t o  a new v a l u e  which i s  main- 
t a i n = c  by use  of a p o t e n t i o s t a t .  
by c i f f u s i o n  on ly ;  e x p e r i m e n t a l l y  t h i s  c o n d i t i o n  i s  c l o s e l y  approached by u s e  o f  
s h o r t  e l e c t r o l y s i s  t i m e ,  o f  u n s t i r r e d  s o l u t i o n s  t o  minimize convec t ion ,  and of 
l a r g e  e x c e s s  o f  suppor t ing  e l e c t r o l y t e  i n  t h e  s o l u t i o n  t o  minimize  m i g r a t i o n  of 
r e a c t i n g  i o n s  i n  t h e  a p p l i e d  f i e l d .  E l e c t r o d e s  o f  p l a n a r  geometry have been of  
q r e a t e s t  i n t e r e s t ,  (1 -4 )  a l t h o u g h  c y l i n d r i c a l  and s p n e r i c a l  e l e c t r o d e s  have a l s o  
been t r e a t e d .  (4,5) 

I t  p r e d i c t s  t h e  c u r r e n t - t i m e  cu rve  fo l lowing  an a b r u p t  change 

The t r e a t m e n t  assumes t h a t  mass t r a n s f e r  o c c u r s  

A i l  of t h e  p r e v i o u s  t h e o r y  h a s  been l i m i t e d  t o  f i r s t - o r d e r  c h a r g e - t r a n s f e r  
mechanisms wi th  t h e  f u r t h e r  r e s t r i c t i o n  t h a t  t h e  e l e c t r i c a l  work invo lved  i n  t h e  re- 
a c t i o n  o c c u r  on ly  d u r i n g  t h e  r a t e -de te rmin ing  s t e p .  The purpose  of t h i s  pape r  i s  t o  
e x t e n c  t h e  theofy  t o  h i g h e r - o r d e r  mechanisms, w i th  removal o f  t h e  r e s t r i c t i w  PI' +,*le 
e l e c t r i c a l  work involved .  The t r e a t m e n t  i s  f o r  c o n d i t i o n s  o f  p l a n a r  e l e c t r o d e  
gporretry,  mass  t r a n s f e r  on ly  by s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n ,  and e x c e s s  suppor t -  
ing  e l e c t r o l y t e .  Approximate s o l u t i o n s  v a l i d  f o r  sma l l  c o n c e n t r a t i o n  changes  a r e  
d c r i v e a  i n  c losed  form. 

. 
The g e n e r a l  e l e c t r o d e  r e a c t i o n  i s  fo rmula t ed  c o n v e n t i o n a l l y  ( 6 , 7 )  a s  

+ - bz-n 

bBZ+ + XX + ne-  = yY + WW (1) 

The impor t an t  r e a c t i o n  s t e p s  i n  t h e  a n o d i c  d i r e c t i o n  a r e  

y Y + t W i r Q  

4 ir *Aa  -+ P 

P 2 - b B + x + f t  e) V 

,?here P and Q a r e  i n t e r m e d i a t e  s t a t e s  d e f i n i n g  t h e  r a t e - d e t e r m i n i n g  s t e p ,  and v i s  
t n e  s t o i c h i o m e t r i c  number. The t o t a l  number o f  e l e c t r o n s  (n/v) i nvo lved  i n  t h e  de-  
composi t ion  of one mole of t h e  anod ic  a c t i v a t e d  complex (*Aa) i s  p l aced  i n  b r a c e s  t o  
i n d i c a t e  t h a t  t h e  number of e l e c t r o n s  used  up  i n  forming t h e  i n t e r m e d i a t e s  P ,  *A o r  
G. i s  n o t  f i xeu .  E l e c t r i c a l  work done d u r i n g  fo rma t ion  of P from t h e  c a t h o d i c  re- 
a c t a n t s  w i l l  be r e p r e s e n t e d  by p ,  and t h a t  done i n  fo rma t ion  o f  Q from t h e  anod ic  
r e a c t a n t s  by q.  
p o s i t i v e )  i s  expressed  a s  c u r r e n t  d e n s i t y  by (8) 

The n e t  anod ic  r e a c t i o n  r a t e  a t  p o t e n t i a l  e ( o v e r p o t e n t i a l  tl 
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Here i 
v a t e d  gomplex, 
e.g. B ,  i s  desig- la ted ag  i n  t h e  s o l u t i o n  a t  t h e  e l e c t r o d e  s u r f a c e  and a i  i n  t h e  bulk. 
Q u a n t i t i e s  * f ,  p and q r e f e r  t o  t h e  r e a c t i o n  a t  t h e  a p p l i e d  p o t e n t i a l  e and may be 
t i m e  dependent ,  w h i l e  t h e  same q u a n t i t i e s  w i t h  s u b s c r i p t  r r e f e r  t o  t h e  r e a c t i o n  a t  
t h e  r e v e r s i b l e  e l e c t r o d e  p o t e n t i a l  er. 
c u r r e n t  d e n s i t y  i s  g i v e n  by 

i s  t h e  exchange c u r r e n t  d e n s i t y ,  * f  t h e  a c t i v i t y  c o e f f i c i e n t  of  t h e  a c t i -  
t h e  t r a n s f e r  c o e f f i c i e n t  and € E F/RT. The a c t i v i t y  of  a r e a c t a n t ,  

A t  t h e  T e v c r s i l i l e  p o t e n t i a l  t h e  exchange 

I 

(3) I 

where i i s  t h e  exchange c u r r e n t  d e n s i t y  a t  t h e  s t a n d a r d  e l e c t r o d e ; ( 7 )  q u a n t i t i e s  
p, and 8"also r e f e r  t o  t h e  s t a n d a r d  e l e c t r o d e .  E q u a t i o n s  ( 2 )  and 
a p p l i c a b z l i t y  with one l i m i t a t i o n ,  namely t h a t  t h e  a c t i v a t e d  
t h e  r e a c t a n t s  B and X i n  t h e  r a t i o  b/x, b u t  t h i s  l i m i t a t i o n  i s  e a s i l y  e l i m i n a t e d  when 
d e s i r e d  wi thout  i n t r o d u c t i o n  of any new p r i n c i p l e .  ( 6 , 7 )  

I t  i s  e v i d e n t  f rom Eq. (3) t h a t  t h e  r e a c t i o n  o r d e r ,  a s  c o n v e n t i o n a l l y  
de te rmined  from i i s  n o t  a s i m p l e  q u a n t i t y . ( 7 )  Thus f o r  s u b s t a n c e  B: 

0' 

 AS a g e n e r a l  r u l e ,  t h e r e f o r e ,  complex e l e c t r o d e  r e a c t i o n s  may fmt be d e s c r i b e d  a s  
be ing  o f  f i r s t  o r d e r ,  second o r d e r ,  e t c . ,  i n  t h e  u s u a l  manner o f  chernicr l  k i n e t i c s .  
I t  i s  e x p e d i e n t  f o r  t h e  t h e o r y  o f  combined charge-  and m a s s - t r a n s f e r  p o l a r i z a t i o n  
t o  d e s c r i b e  the r e a c t i o n  by a pseudoorder ,  which  we d e f i n e  here a s  s imply  t h e  expo- 
n e n t  of t h e  a c t i v i t y  r a t i o  i n  t h e  g e n e r a l  r a t e  e q u a t i o n  (Eq. 2).  Thus t h e  pseudo- 
o r d e r  o f  t h e  r e a c t i o n  i s  y/u w i t h  r e s p e c t  t o  Y ,  W/V w i t h  r e s p e c t  t o  W ,  e t c . ,  i f  each 
o f  t h e  r e a c t i n g  s u b s t a n c e s  undergoes  changes  i n  c o n c e n t r a t i o n  d u r i n g  t h e  r e a c t i o n .  
I f  one of t h e  s u b s t a n c e s  i n v o l v e d ,  e.g. W ,  e x h i b i t s  minute  f r a c  i o n a l  changes i n  con- 
c e n t r a t i o n  dur ing  t h e  e n t i r e  r e a c t i o n  p e r i o d ,  t h e  term ( a p $ ) w j v  becomes u n i t y  i n  
Eq. 2 and then  t h e  r e a c t i o n  becomes e f f e c t i v e l y  z e r o  pseu  o o r d e r  i n  W. 

For s i m p l i c i t y  w e  w i l l  f o r m u l a t e  t h e  e l e c t r o l y t e  t o  c o n t a i n  one o f  t h e  
c a t h o d i c  r e a c t a n t s ,  X ,  and one o f  t h e  a n o d i c  r e a c t a n t s ,  W, i n  s u f f i c i e n t l y  h i g h  con- 
c e n r r a t i o n  t h a t  t h e  r a t i o s  a /ao and "ai remain  e s s e n t i a l l y  u n i t y .  
w e w i l l  c o n s i d e r  o n l y  s h o r t  d a d i o n  times such  t h a t  a l l  c o n c e n t r a t i o n  changes  a t  t h e  
e l e c t r o d e  s u r f a c e  remain s m a l l .  From t h e  l a t t e r  c o n d i t i o n  p l u s  t h e  u s e  of e x c e s s  
s u p p o r t i n g  e l e c t r o l y t e ,  it may be assumed t h a t  * f  p f  i s  r e p l a c e a b l e  by u n i t y  and 
t h a t  c o n c e n t r a t i o n  r a t i o s  may be s u b s t i t u t e d  f o r  t h e  cor responding  a c t i v i t y  r a t i o s  
w i t h  n e g l i g i b l e  e f f e c t .  Then Eq. 2 c o n v e r t s  t o  

I n  a d d i t i o n ,  

'il 

\ '  

I 

I 

C 
I 

I: would be d e s i r a b l e  t o  o b t a i n  a n a l y t i c a l  s o l u t i o n s  of  t h e  d i f f u s i o n  
problem f o r  a c u r r e n t  o f  t h e  form g i v e n  i n  Eq. 5 b u t  one c a n n o t  a p p l y  t h e  method of 
L a p l a c e  t r a n s f o r m s .  
by l i n e a r i z i n g  Eq. 5 w i t h  r e s p e c t  t o  c o n c e n t r a t i o n s ,  so  t h a t  t h e  L a p l a c e  t r a n s f o m  

An a l t e r n a t i v e  approach  i s  t o  o b t a i n  an approximate  s o l u t i o n  



107 

method may be u t i l i z e d .  
t h e  sake  o f  b r e v i t y  we r e s t r i c t  o u r  o i s c u s s i o n  t o  c a s e s  f o r  which t h e  e l e c t r i c a l  
work o c c u r s  only  i n  t h e  r a t e -de te rmin ing  s t e p ,  so t h a t  p = p = q = q = 0.  ( I n  
g e n e r a l ,  p rovided  on ly  t h a t  p and q a r e  con t inuous  f u n c t i o n s  of tf;e c o n c e n t r a t i o n s ,  
Eq. 5 can always be  l i n e a r i z e d  w i t h  r e s p e c t  t o  c o n c e n t r a t i o n s .  The form of t h e  
approximate  s o l u t i o n  d o e s  n o t  change; however, t h e  c o e f f i c i e n t s  i nvo lved  become 

The l a t t e r  approach  w i l l  be  deve loped  i n  t h i s  pape r .  Fo r  

r 

somewhat more compl ica ted . )  I 

I t  i s  conven ien t  t o  i n t r o d u c e  t h e  f r a c t i o n a l -  changes  i n  c o n c e n t r a t i o n  a t  
t h e  e l e c t r o d e  su r face :  

( 6 )  
- 

uy = ( cy  - c y  UB = (CB - c p ;  Y 
Then, f o r  smal l  c o n c e n t r a t i o n  changes ,  

' and, i n  t h e  p r e s e n t  c a s e  (p=q=O), Eq. 5 becomes , 
I 
, wi th  

> 

and 
'\ 
\ 

(9 )  

? 
i 

5 
The d i f f u s i o n  oroblem: We c o n s i d e r  t h e  s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n  o f  two 
s p e c i e s ,  B and Y ,  w i th  c o n c e n t r a t i o n s  c B ( x , t ) ,  c y ( x , t )  coupled  t o g e t h e r  a t  t h e  
e l e c t r o d e  s u r f a c e  xz0 by a g e n e r a l  c u r r e n t - c o n c e n t r a t i o n  r e l a t i o n s h i p  l i k e  t h a t  
of 5q. 5. 

i ( t )  = f (cg(oYt)Y c , (o , t ) )  (10 )  
I 

The d i f f u s i o n  e q u a t i o n s  f o r  cB and c a re  
Y 

a 2 cB acB a2cy acy 
a x  

) $  D B - - -  2 - a t  ; D~z= a t  ( 1 1  1 

where DB and Dy a r e  t h e  d i f f u s i o n  c o e f f i c i e n t s  of s u b s t a n c e s  B and Y.  
c o n d i t i o n s  a r e  cB = c: and c = co a t  t=O f o r  a l l  x. 

The i n i t i a l  
' The boundary c o n d i t i o n s  a r e  Y Y  
I 

( l j  c B +  c i  and cy + cy" a s  x + -  f o r  a l l  t (12) 

i 

1 
Wrlen t h e  c u r r e n t ,  i ( t ) ,  c o n t a i n s  n o n - l i n e a r  t e rms  i n  t h e  c o n c e n t r a t i o n s  

t h e  comple te  s o l u t i o n  t o  t h e  problem of Eq. 11-13 canno t  be  ob ta ined  by s t a n d a r d  
a n a l y t i c  t echn iques .  blowever, a u s e f u l  r e l a t i o n s h i p ,  v a l i d  f o r  any f u n c t i o n a l  
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depenc-nce of i ( t )  upon t h e  c o n c e n t r a t i o n s ,  can  be found by a p p l y i n g  t h e  Laplace  
t r a n s f o r m  t e c h n i q u e  t o  t q .  11-13 a s  t h e y  s tand .  

To o b t a i n  t h i s  r e l a t i o n s h i p  we r e q u i r e  only  t h a t  i ( t )  be some a r b i t r a r y  
( a n d ,  indeed ,  a t  t h i s  p o i n t  unknown) f u n c t i o n  of t h e  time whose Laplace  t r a n s f o r m  
e x i s t s .  Then a s t r a i g h t f o r w a r d  a p p l i c a t i o n  of t h e  Laplace  t r a n s f o r m  t e c h n i q u e  
y i e l d s  t h e  r e l a t i o n  

I - c3(x=0, t )  - c 0 

B - - . b j ?  ( 1 4 )  
c ( r 0 , t )  - co y Y Y 

The p r i n c i p a l  u t i l i t y  of  Eq.  1 4  i s  t h a t  it p e r m i t s  t h e  d i f f u s i o n  problem 
t o  b e  so lved  i n  t e r m s  of j u s t  one of t h e  components B and Y .  I n  t h e  a c t u a l  expres-  
s i o n  f o r  t h e  c u r r e n t  i n  t e r m s  of c o n c e n t r a t i o n s  a t  t h e  e l e c t r o d e  s u r f a c e  ( s e e  Eq.  
l a ) ,  we e l i m i n a t e  c ( z 0 , t )  by u s i n g  Eq.  1 4  and a r e  l e f t  w i t h  a d i f f u s i o n  problem 
f o r  component Y i n  which component B p l a y s  no p a r t  whatsoever .  B 

However, a l t h o u g h  Eq. 14 s i m p l i f i e s  t h e  d i f f u s i o n  problem t o  one involv ing  
t h e  a i f f u s i o n  o f  o n l y  one component ( Y ,  s a y ) ,  it d o e s  n o t  remove t h e  g e n e r a l l y  non- 
l i n e a r  dependence of c u r r e n t  on c o n c e n t r a t i o n ,  and r e c o u r s e  must be had e i t h e r  t o  
numer ica l  s o l u t i o n s  or t o  an  approximate  s o l u t i o n  based on t h e  l i n e a r i z e d  form of 
E;. 7.  

I n  t h i s  l i n e a r i z e d  form, and w i t h  component B e l i m i n a t e d  v i a  E q .  14, t h e  
d i f f u s i o n  problem i s  e x p r e s s e d  i n  terms of t h e  f r a c t i o n a l  change i n  c o n c e n t r a t i o n  
u f ( x , t ) ( E q .  6 )  a s  n 

a C U Y  au*  
D y z = a t  (15) 

u ( X , t - O )  = 0 , uy(x  -t m, t) .-+ 0 ( 1 6 )  
w i t h  

Y 

and t h e  c o n d i t i o n s  on t h e  c u r r e n t :  

7110 s o l u t i o n  o f  Eq.  15-17 i s  found by Laplace  t r a n s f o r m  t e c h n i q u e s  t o  be 

( 1 8 )  i = i ( t = O ) e x p ( h  2 t ) e r f c ( l  dt) 

-1 
=B ndDB] *[1 - e x p ( h 2 t ) e r f c ( A J t ) ]  

where 

uB h =  uY + 
( n/y ) Fc; *rDy (n/b)  F c i  J D B  

( 2 0 )  

(21)  



which, on s u b s t i t u t i n g  f o r  Uy and UB from Eq. 9,  becomes 

1 
T h i s  e q u a t i o n  and Eq.  18-20 r e d u c e  t o  t h e  c o r r e s p o n d i n g  e q u a t i o n s  f o r  f i r s t - o r d e r  
r s a c t i o n s  ( 2 , 4 )  when b+U=l.  

\ 
Thus t h e  approximate  s o l u t i o n  f o r  c h a r g e - t r a n s f e r  r e a c t i o n s  of h i g h e r  

o r d e r  h a s  t h e  same form a s  t h e  e x a c t  s o l u t i o n  f o r  s imple  f i r s t - o r d e r  r e a c t i o n s . ( 2 , 4 )  
The major  d i f f e r e n c e  l i e s  i n  t h e  q u a n t i t y  A. 
v a l u e  o f  t h e  more r a p i d l y  t h e  r e l a t i v e  c u r r e n t  i/i d e c r e a s e s  w i t h  time. The 
e v a l u a t i o n  of t h e  q u a n t i t i e s  h and i from an  e x p e r i m e n t a l  c u r r e n t - t i m e  
curve  can be c a r r i e d  o u t  u s i n g  methoA!?’)previously deve loped  f o r  s i m p l e  f i r s t - o r d e r  
r e a c t i o n s . ( 2 , 4 , 9 )  
e i t h e r  from measurement o f  t h e  a n o d i c  o r  c a t h o d i c  T 2 f e l  l i n e  i n  t h e  c a s e  of s low 

According t o  Eq. 18 t h e  l a r g e r  t h e  

The c h a r g e - t r a n s f e r  p a r a m e t e r s  i , p and V can t h e n  be found 

f o r  v a r y i n g  a c t i v i t y  of B o r  Y i n  t h e  c a s e  
( k 0 )  

r e a c t i o n s  o r  from measurements  of i 
of  f a s t e r  r e a c t i o n s .  

V a l i d i t v  of a m r o x i m a t e  s o l u t i o n :  
v a l i d  o n l y  f o r  smal l  changes  i n  c o n c e n t r a t i o n ;  i t s  u t i l i t y  is c h i e f l y  de te rmined  by 
t h e  range  o v e r  which it g i v e s  t h e  t r u e  c u r r e n t  t o  w i t h i n  an  a c c e p t a b l e  accuracy .  
I n  o r d e r  t o  t e s t  t h i s  we have developed  e x a c t  numer ica l  s o l u t i o n s  u s i n g  t h e  Schmidt 
method&). Some of  t h e s e  e x a c t  c u r r e n t - t i m e  c u r v e s  f o r  n e t  a n o d i c  r e a c t i o n s  a r e  
p r e s e n t e d  i n  F ig .  1: c u r v e  I r e f e r s  t o  a s i m p l e  f i r s t - o r d e r  r e a c t i o n  f o r  which 
b/v = y/v = n/v = 1; c u r v e  I1 r e f e r s  t o  a r e a c t i o n  second pseudoorder  i n  t h e  anodic  
r e a c t a n t  Y w i t h  y/v = n/v = 2 and b/v = 1; c u r v e  I11 r e f e r s  t o  a r e a c t i o n  t h i r d  
pseudoorder  i n  Y ,  w i t h  y/v = n/v = 3. The se t  of  numer ica l  d a t a  used h e r e  i s  t h e  
same a s  i n  t h e  g r e v i o u s  pa e r : ( 4 )  i = 5 x 10-3 A/cm2 a t  25OC, p = 0.5, 9 = 0.01OOV; 
cy = lom5 and cB = 5 x 10-g mole/ cg3; Dy = and DB = 2 x cm2/s. Fig.  1 

shows t h a t ,  a s  t h e  r e a c t i o n  pseudoorder  i n  Y i s  i n c r e a s e d ,  t h e  c u r r e n t  f a l l s  more 
r a p i d l y  w i t h  t ime.  

The approximate  s o l u t i o n  g i v e n  by Eq. 18-21 i s  

0 

The approximate  and e x a c t  s o l u t i o n s  f o r  r e a c t i o n s  of  second pseudoorder  
i n  Y a r e  shown-in F ig .  2 f o r  v a r i o u s  v a l u e s  of  t h e  t r a n s f e r  c o e f f i c i e n t  p ;  e x c e p t  
f o r  p t h e  set  o f  numer ica l  d a t a  employed i s  t h e  b a s i c  se t  used  f o r  F ig .  1. I t  i s  
seen  t h a t  i n  every  c a s e  t h e  approximate  s o l u t i o n  f o r  t h e  c u r r e n t  d e c r e a s e s  more 
r a p i d l y  w i t h  t i m e  t h a n  d o e s  t h e  t r u e  c u r r e n t .  

o v e r  which Eq. 18 g i v e s  
s a t i s f a c t o r y  agreement  w i t h  t h e  true c u r r e n t  by t h e  p o 4 E 0 ) a t  which t h e  approximate  
s o l u t i o n  d e v i a t e s  by 5% from t h e  t r u e  c u r r e n t .  
v e r t i c a l  b a r s  i n  Fig.  2; t h e  approximate  s o l u t i o n  i s  a c c e p t a b l y  a c c u r a t e  down t o  
i / i ( k o )  = 0.45, independent  of t h e  v a l u e  of  p.  
emphas ized , the  r e a c t i o n  k i n e t i c s  a r e  p r i m a r i l y  d i f f u s i o n  c o n t r o l l e d  below i/i 
0.5. 
a c c u r a t e  o v e r  t h e  e n t i r e  r a n g e  i n  i/i (ko)  from which i n f o r m a t i o n  a b o u t  t h e  c h a r g e -  
t r a n s f e r  parameters  can  be o b t a i n e d .  

For a r e a c t i o n  t h i r d  p s e u d o o r d e r  i n  t h e  a n o d i c  r e a c t a n t  Y t h e  approximate  
and e x a c t  s o l u t i o n s  a r e  compared i n  Fig.  3. 
used f o r  Fig. 1, w i t h  p = 0.5 and y = 3. 
which a c c e p t a b l e  agreement  i s  found i s  s h o r t e r  t h a n  t h a t  f o r  t h e  s i m i l a r ( t = O ) s e c o n d  
pseudoorder  r e a c t i o n :  t h e  p o i n t  of 5% d e v i a t i o n  o c c u r s  a t  i/i (+,-o) 

We have chosen  t o  d e s i g n a t e  t h e  r a n g e  i n  i/i 

These  p o i n t s  a r e  i n d i c a t e d  by 

As Oldham and Osteryoung ( 9 )  have 
= 

Thus, i n  t h i s  case, t h e  approximate  s o l u t i o n  (eq. 18) i s  a c c e p t a b l y  

The numer ica l  d a t a  are t h e  b a s i c  set  
The r a n g e  i n  i/i o v e r  

0.6. 
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Tne agreement  t o  b e  expec ted  f o r  somewhat s l o w e r  r e a c t i o n s  i s  shown i n  
F i g .  4. Here the  b a s i c  c a t a  s e t  was v a r i e d  by i n c r e a s i n g  t h e  a n o d i c  o v e r p o t e n t i a l  
t o  y = 0.1 V and d e c r e a s i n g  t h e  exchange c u r r e n t  d e n s i t y  t o  i 
l imits  of  a c c e p t a b l e  agreement  a r e  i n d i c a t e d  by v e r t i c a l  b a r s ?  
p o i n t  of  5% d e v i a t i o n  o c c u r s  a t  i/i 
d e n t  of  t h e  v a l u e  of t h e  t r a n s f e r  (k0) c o e f f i c i e n t  p .  

= A/cm2. The 

- 0.61 and i s  a g a i n  e s s e n t i a l l y  indepen-  
I n  t h i s  c a s e  t h e  

I Thus f a r  we have examined o n l y  n e t  a n o d i c  r e a c t i o n s  i n  which t h e  h i g h e r  
pseudoorder  component was t h e  anodic  r e a c t a n t  ( Y ) .  
d i s p a r i t y  of t h e  e x p o n e n t i a l  f a c t o r s  i n  Eq. 5, t h e  c u r r e n t  i s  predominant ly  con- 
t r o l l e d  by t h e  h i g h e r  p s e u d o o r d e r  component, t h i s  predominance becoming g r e a t e r  
t h e  g r e a t e r  t h e  o v e r p o t e n t i a l .  T h i s  i s  t h e  r e a s o n  f o r  t h e  p o o r e r  agreement  shown 
i n  Fig.  4 ( 7  = 0.1V) t h a n  i n  Fig.  2 ( 7  = 0.01V). 

I n  t h e s e  c a s e s ,  because o f  t h e  

The agreement  between t h e  approximate  and e x a c t  numer ica l  s o l u t i o n s  i m -  
p r o y e s  d r a m a t i c a l l y  when t h e  c o n t r o l l i n g  r e a c t a n t  i s  t h e  f i r s t  o r d e r  r e a c t a n t  ( f o r  
example,  a n e t  anodic  r e a c t i o n  i n  which t h e  h i g h e r  pseudoorder  component i s  t h e  
c a t h o d i c  r e a c t a n t  ( 9 ) ) .  T h i s  i s  i l l u s t r a t e d  i n  t h e  a n o d i c  c u r r e n t - t i m e  c u r v e s  of 
F ig .  5, f o r  which t h e  v a l u e s  of t e m p e r a t u r e ,  d i f f u s i v i t i e s  and i n i t i a l  c o n c e n t r a -  
t i o n s  a r e  t h o s e  of  t h e  b a s i c  d a t a  s e t .  Curve 11, f o r  which t h e  c a t h o d i c  r e a c t a n t  
(B)  i s  second pseudoorder  w h i l e  t h e  anodic  r e a c t a n t  ( Y )  i s  f i r s t  o r d e r ,  shows no 
measurable  d e v i a t i o n  between t h e  approximate  and e x a c t  s o l u t i o n s  down t o  i/i 
0.2. (t=O)< 

These  examples  s u g g e s t  some g e n e r a l  r u l e s  a b o u t  t h e  range  of v a l i d i t y  of 
t h e  approximate  s o l u t i o n :  

(1) The r a n g e  of  v a l i d i t y  d e c r e a s e s  when t h e  pseudoorder  of e i t h e r  com- 

( 2 )  The 
ponent  i s  i n c r e a s e d .  

c u r r e n t  i s  predominant ly  c o n t r o l l e d  by t h e  component of  lower  pseudoorder .  I f ,  f o r  
example,  t h e  h i g h e r  o r d e r  component i s  t h e  c a t h o d i c  component t h e n  a n e t  a n o d i c  
r e a c t i o n  is  d e s i r a b l e .  

( 3 )  If r u l e  ( 2 )  h a s  been complied w i t h  t h e r e  i s  a n  advantage  i n  working 
a t  t h e  h i g h e s t  f e a s i b l e  o v e r p o t e n t i a l s .  I f  n o t ,  t h e  a d v a n t a g e  is o b t a i n e d  by 
working a t  t h e  lowes t  f e a s i b l e  o v e r p o t e n t i a l s .  

c o e f f i c i e n t  p. 
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FIG. 5--kNODlC CURRENT-TIME CURVES FOR REACTIONS OF PSEUDOORDER TWO WITH RESPECT TO 
ANODIC REACTANT Y (CURVES 1,III) OR CATHODIC REACTANT B (CURVEI I ) .  
CURVE -- EXACT NUMERICAL SOLUTION. DOTTED CURVE--SOLUTION OF LINEARIZED PROBLEM. 
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. Derivative chronopotentiometry oT Multicomponent ,Systems 

(Abstract)  

Robert H. GiSson, University of North Carolina a t  Charlotte,  
and. Pe te r  E. sturroc?<, Georgia I n s t i t u t e  0;' Technology 

I n  a previous paper', Gerivative chronopotentiometry v i a s  ap- 
p l i ed  t o  systems 02 only one e l ec t roac t ive  species.  I n  t h i s  paper the 
method i s  extended t o  systems with severa l  e l ec t roac t ive  species. 

9sing t h e  Response Function Additivity P r inc ip l e  05 Murray and 
the  l~ullc concentration of t h e  j - t h  component i s  given by Rei l ley 

equation'  (1 1. 

2 i  1 /2  - j -1 
CW o,j = 

0 )1/2 [(' T m )  
n .F(nDo J , J  . m = l  

j -lT 
During t h e  j - th  s tep  of the chronopotentiogram ( ; T m ) t > x  m )  

m = l  m = l  

( 2 )  

r, j ( o , t )  and C 
, j  ( o , t )  Solving equations (1)' and ( 2 )  f o r  c0 

(3 1 

(4) 

I f  the j - th  component i s  r eve r s ib l e ,  the potent ia  
l a t i o n s h i p  is  obtained by subs t i t u t ing  equations ( 3 )  and 
Nernst equation. 

1 time re- 
(4) i n t o  the 

1 

I 

E = E l).. 1- - RT Ln 
n .F  

J 
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Different ia t ing equation (5' 

For the case, j = l ,  y u a t i o n s  ( 5 )  and ( 6 )  reduce t o  those f o r  a s in -  
g l e  Component system . 
evaluated by ta?cing t h e  second de r iva t ive  and equating it t o  zero. 

The minimum of t h e  de r iva t ive  funct ion 1s 

- /' 

A d i  i ta1 computer was p r o g r y e d  t o  solve t h e  r i g h t  s i d e  of 
equation (77 f o r  specif ied values of 
i n  t abu la r  form. All of the terms on the l e f t  s ide  of equation ( 7 )  
a r e  known o r  obtainable by experiment. Then the corresponding value 
of "a" can be read from the table.  

a" and t o  p r i n t  o u t  the r e s u l t s  

Combining equations (1) and ( 8 ) ,  

Equation (9)  k y  be used t o . o b t a i n  C z  . d i r e c t l y  
densi ty  and diffusion c o e f f l c l e n t  
curacy. ~ f ,  such i s  not the case, graphical ,  standard-addition tech- 

provided t h e  current  
73 a r e  knovd mth s u f f i c l e n t  ac- 

niques can be employed. 

mese standard-addition techniques a r e  b a s e d  on the f a c t  tha t  
a p l o t  of 
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j -1 1/2 * versus (a-1) 

, ‘0,j 

i s  a s t r a i g h t  l i n e  through t h e  or ig in .  Thus such a p l o t  can be con- 
s t ruc t ed  with C* . added, and then the  p l o t  can be sh i f ted  along the 
concentration a x i s  u n t i l  t h e  extrapolated l i n e  i n t e r s e c t s  the o r i -  
gin.  The concentration, of t h e  point  f o r  zero addi t ion,  thkn can be 
read off of the p l o t .  

This procedure may be s implif ied i f  the addi t ion is  carr ied out 
without d i l u t i o n  of t h e  species  more reducible than  t h e  j - t h  species. 
For example, t h e  sample may be s p l i t  i n t o  t w o  equal  port ions,  t h e  addi- 
t i o n  made t o  one po r t ion  and then both so lu t ions  d i lu t ed  t o  the same 
total  volume. Derivat ive chronopotentiograms a r e  then performed on 
various mixtures of t h e  t w o  solut ions.  I n  t h i s  way j-lT i s  kept 
constant and a p l o t  of Cz 

m=l e f f e c t  of 
the  double-layer charging current .  For s ing le  component systems, de- 
r i v a t i v e  chronopotentiometry is r e l a t i v e l y  in sens i t i ve  t o  double-layer 
char ing3 and semiempirical co r rec t ion  techniques have proved ef fec-  

ponent systems. 
t o  devise  a correct ion technique similar t o  t h a t  devised Lor s ingle  
component systems. An a l t e r n a t i v e  approach i s  ava i l ab le  however, 
s ince an instrumentat  method f o r  charging current  correcikon has re -  
cen t ly  been reported . 

z m  versus (a-1) i s  l i n e a r .  
, j  

The preceding de r iva t ions  do not consider the  

t i V e  5! . However, t h e  s i t u a t i o n  appears t o  be more ser ious € O r  m U l t i C O m -  

Work i s  continuing i n  these  l abora to r i e s r in  an attempt 
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Fred C .  Anson 
Gates and Crellin Laboratories of Chemistry, California 
Institute of Technology, Pasadena, Cal ifornia 91109 : 

A preliminary description of the technique of charge -step'chrono- 
coulometry has appeared'(1). The technique consists of very rapid (0.1 to 

10 p seconds) injection of rather large amounts of charge (5-50 pcoulombs/cm2) 
into an electrode and observing oscilloscopically the resulting open circuit 
potential-time transient. The potential-time transient are then converted into 
the corresponding charge -time transient by means of the appropriate charge- 
potential data s o  that the time variation of the charge on the electrode is obtained. 

couple, e. g. cadmium ion in a sodium nitrate supporting electrolyte with a 
mercury electrode, and the charge injected is chosen so that the electrode 
potential is well out on the diffusion plateau of the corresponding polarogram 
the rate at which charge is removed from the electrode at open circuit by the 
resulting faradaic reaction, e. g. Cd + 2e- = Cd(Hg), will be the diffusion 
limited rate  of transfer of cadmium ion to the electrode surface. Thus the 
open circuit rate of loss  of charge on the electrode will be entirely analagous 
to  the rate of charge accumulation observed in the usual potential-step 
chronocoulometric experiments (2 -5) which are, of course, closed circuit 

If the experiment is performed in the presence of one half of a redox 

(2) J. H. Christie, G .  Lauer,  R. A. Osteryoung and F. C. Anson, Anal. 
Chem., 36, 975 (1963). 

(3) J. H. Christie, G .  Lauer and R. A. Osteryoung, J. Electroanal. Chem., 
7, 60 (1964). 

(4) F. C. Anson, Anal. Chem., 36, 932 (1964). 

(5) Ibid, 38, 54 (1966). 

experiments with the electrolysis cell under the control of a potentiostat. Thus, 
the equation for the charge-time behavior in charge-step chronocoulometry 
is 

Q = Qo + Qinj - 2nFAC(5;-) D t f  

where Qo is the initial charge on the electrode, Q. .. is the charge injected, 
F is the Faraday, n is the number of electrons ina lved  in the electrode readion,  
A is the electrode area,  C is the bulk concentration of the reactant, D is 
its diffusion coefficient, and t is the time since charge injection. A plot of 
Q - Qo versus the square root of t ime is linear with an intercept at t = 0 correspond- 
ing to  the injected charge. 



The advantages of the open circuit, charge-step method over the closed 
circuit, potential-step method a r e  these: 1. All problems associated with the 
resistance in the cell for  which the potentiostat is unable to compensate a r e  
avoided. In non-aqueous solvents or  aqueous solutions having concentrations 
of supporting electrolyte less than about 0.2 M, where these problems a r e  the 
most severe, the charge-step method or  some other open circuit technique 
would appear to be the method of choice. 2. Because it is possible to inject 
charge into an electrode very much faster than its potential can be stepped 
and held with presently available potentiostats the charge -step method 
permits experiments to  be conducted on much shorter  time scales than is 
t rue with potential-step techniques s o  that information about faster electrode 
processes can be obtained. 

Applications of the charge-step technique have been made to the  
study of reactant adsorption (1,6) the kinetics of electrode reactions (7), and 

(6). F. C. Anson and R.  A. Osteryoung, unpublished experiments. 

(7) F., C. Anson, unpublished experiments. 
~ ~~~~ ~~ 

the ra te  of establishment of concentration equilibrium just outside the diffuse 
double layer when it is abruptly enlarged or diminished (7). In the 
case of reactant adsorption the equation for the charge time behavior becomes 

Q - Qo = Q. . - 2nFAC (+)$ - n F r  1nJ 
where r is the' amount of adsorbed reactant in moles/cmZ and the other symbols 
are the same a s  in eguation 1. In this case the difference between the intercept 
of a Q - QO versus tz and the amount of injected charge, &in-, gives the amount 
of reactant adsorbed. An attractive feature of this method id the ability to 
allow the ionic strength of the solution to become quite low. In a previous 
study of cadmium adsor  tion from sodium thiocyanate solutions by potential- 
step chronocoulometry &) sodium nitrate w a s  a lso present "to keep the ionic 

(8) F. C. Anson, J. H. Christie, andR.  A .  Osteryoung, J. Electroanal. 
Chem., 13, 000 (1967). 

strength constant at 1 . 0", but a lso because potential-step chronocoulometry 
may not be safely applied to  solutions having ionic strengths below about 0.2. 
Charge -step chronocoulometry can easily be employed down to ionic strengths 
of slightly below 0. 01 and it would be of considerable interest to compare the 
values obtained for cadmium adsorption in the presence and absence of nitrate. 

When relatively large quantities of charge a r e  injected into an 
electrode i n  dilute solutions of electrolytes significant changes in the ionic 
concentrations just outside the diffuse double layer can occur which al ter  
the resulting potential - t ime (and charge -time) transients. Due allowance for 
such perturbations can be made (9) and are essential in  applications of charge- 

(9) F. C. Anson, experiments to be published. 

step chronocoulometry to dilute solutions, 



ELECTROCHEMICAL STUDIES OF THE RATE OF CHEMICAL REACTIONS 
COUPLED TO CHARGE TRANSFER REACTIONS 

John R .  Kuempel a n d  'Yard B .  Schaap 

Department of Chemistry 
Indiana Univers i ty ,  Bloomington, Indiana 

The r a t e s  of t h e  r e a c t i o n s  of  cadmium ion  with EDTA spec ies  i n  so lu t ions  
containing excess calcium ion a r e  being s t u d i e d  us ing  t h e  electrochemical  method 
known as "cyc l ic  voltammetry" o r  "cyc l ic  s t a t i o n a r y  e l e c t r o d e  polarography" (1). 
Cadmium ions  a r e  introduced i n t o  calcium-EDTA s o l u t i o n s  by oxid iz ing  a cadmium 
malg?m by appl ica t ion  of  a l i n e a r  vol tage scan i n  t h e  anodic d i r e c t i o n .  
generated cadmium ions then r e a c t  w i t h  t h e  EDTA spec ies  at  a r a t e  dependent upon 
t h e  concentrat ions of t h e  r e a c t a n t s  t o  form a d i f f i c u l t l y  and i r r e v e r s i b l y  reduced 
complex. Before t h i s  complexation reac t ion  i s  complete, t h e  unreacted cadmium ions  
may be quickly reduced back i n t o  t h e  amalgam by revers ing  t h e  d i r e c t i o n  of  t h e  
vol tage scan .  The amount of cadmium i o n  t h a t  r e a c t s  with t h e  EDTA spec ies  i s  
determined by comparing t h e  cathodic  f a r a d a i c  cur ren t  with t h e  anodic cur ren t .  
The r a t e  of t h e  r e p e t i t i v e  anodic and cathodic  scans ( c y c l e s / s e c )  e s t a b l i s h e s  a 
time base f o r  t h e  experiment and makes it p o s s i b l e  t o  c a l c u l a t e  pseudo f i r s t - o r d e r  
r a t e  cons tan ts  from the  electrochemical  da ta .  The r a t e  processes  being s tudied  
have h a l f - l i v e s  i n  t h e  range of 10  t o  1000 mil l iseconds.  

The 

I n  order  t o  c a l c u l a t e  second-order r a t e  constants  from the  electrochemical ly  
determined pseudo f i r s t - o r d e r  r a t e  cons tan ts ,  it i s  necessary t o  consider  t h e  
equi l ibr ium process i n  s o l u t i o n .  Procedures were devised t o  determine t h e  forma- 
t i o n  cons tan ts  and t o  c a l c u l a t e  t h e  a c t i v i t i e s  of  all t h e  EDTA s p e c i e s  present  i n  
s o l u t i o n  under the  condi t ions o f  t h e  experiment. These methods are s i m i l a r  t o  t h e  
methods o r i g i n a l l y  developed by Schwarzenbach ( 2 )  i n  b a s i c  approach, bu t  are more 
p r e c i s e  due t o  computorized methods of  d a t a  process ing  now a v a i l a b l e .  Equations 
are der ived f o r  the  acid-base t i t r a t i o n  curves of t h e  parent  ac id  EDTA i n  t h e  
presence o f  excess calcium ion and potassium n i t r a t e .  Simultaneous equat ions are 
then solved by the  computor using t h e  d a t a  from t h e  pH t i t r a t i o n  curve t o  calcu- 
l a te  t h e  var ious  equi l ibr ium cons tan ts .  Previously unreported s p e c i e s  were 
de tec ted  and t h e i r  formation cons tan ts  determined. 

The o v e r a l l  problem can be divided i n t o  two p a r t s :  (1) The electrochemical  
(This  involves  development measurement of  the pseudo f i r s t - o r d e r  r a t e  cons tan ts .  

of  t h e  technique and methodology and t h e  design and cons t ruc t ion  o f  t h e  e l e c t r o n i c  
equipment and electrochemical  c e l l s . )  ( 2 )  The poten t iomet r ic  measurement of  t h e  
equi l ibr ium constants  needed t o  compute t h e  appropr ia te  second-order rake con- 
s t a n t s  from t h e  electrochemical ly  measured pseudo f i r s t - o r d e r  r a t e  cons tan ts .  
These two p a r t s  of the  problem w i l l  be discussed separa te ly .  

- The Electrochemical Experiment 

The d i f fus ion  equat ions appl icable  t o  a r e v e r s i b l e  e lectrochemical  reac t ion  
i n  which t h e  product of t h a t  reac t ion  i s  deac t iva ted  by a f u r t h e r  i r r e v e r s i b l e  
reac t ion  with a substance i n  s o l u t i o n  have been der ived f o r  many o f  t h e  e l e c t r o -  
chemical techniques.  The t h e o r e t i c a l  t reatment  of  t h i s  type  of system f o r  t h e  
c y c l i c  s ta t ionary-e lec t rode  polarographic  method has been publ ished by Shain and 
co-workers . ( 1) 

I n  t h e  present  work, the  experiment does not correspond exac t ly  t o  t h e  
model Shain used i n  h i s  t h e o r e t i c a l  t rea tment .  The e l e c t r o a c t i v e  spec ies  i s  
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present  i n i t i a l l y  i n  i t s  reduced form so t h a t  t h e  f i r s t  scan i s  anodic and per- 
forms an oxidat ion r a t h e r  than  a reduct ion as descr ibed by Shain. During t h e  
i n i t i a l  anodic scan, t h e  cadmium amalgam i s  oxidized i n t o  a calcium-EDTA solu t ion  
and t h e  cadmium ion so produced mdergoes a spontaneous reac t ion  with t h e  EDTA 
s p e c i e s  t o  form a spec ies  which i s  not e l e c t r o a c t i v e  a t  t h e  p o t e n t i a l  of reduction 
of hydrated cadmium ion.  During t h e  reverse  cathodic  scan t h e  uncomplexed cadmium 
ion i s  reduced back i n t o  t h e  mzlgam. 
c u r r e n t s  r a t h e r  than t h e  r a t i o  of  anodic t o  ca thodic  peak cur ren ts  is r e l a t e d  t o  
t h e  r a t e  constant .  

Thus, t h e  r a t i o  of cathodic  t? anodic peak 

The electrochemical  c e l l  used i n  t h i s  work incorpora tes  a s t r i c t l y  planar  
mercury e lec t rode  ( 4 )  with a Luggin c a p i l l a r y  probe as shown i n  Figure 1. 

Cadmium amalgam is prepared by reducing cadmium n i t r a t e  s o l u t i o n  a t  constant 
p o t e n t i a l  i n t o  mercury. The transfer of  t h e  amalgam t o  t h e  c e l l  must be performed 
i n  a c losed  system under a n i t rogen  atmosphere t o  avoid r a p i d  a i r  oxida t ion  of t h e  
cadmium from the amalgam. 

The three-e lec t rode ,  p o t e n t i o s t a t i c  c i r c u i t  used t o  apply t h e  c y c l i c  poten- 
t i a l  program t o  t h e  working e lec t rode  is a convent ional  opera t iona l  ampl i f ie r  
c i r c u i t .  The complete e l e c t r o n i c  conf igura t ion  i s  shown i n  Figure 2. 

The c y c l i c  scan genera tor  ( 3 )  i s  a l s o  an opera t iona l  ampl i f ie r  instrument 
uhich i s  capable of  supplying continuously v a r i a b l e  cyc l ing  rates ranging from 
100 sec /cyc le  t o  100 cycle / sec .  

I f  1 x 10-4M cadmium amalgam i s  oxidized and then  reduced as  descr ibed above 
i n  contact  with a s o l u t i o n  buffered a t  pH 8 and containing 0.01 M EDTA and 1 . 0  M 
KNO3, with no calcium ion  p r e s e n t ,  an anodic c u r r e n t  i s  observed t h a t  corresponds 
t o  t h e  reac t ion :  

- No cathodic  current  i s  observed under t h e s e  condi t ions  on t h e  subsequent reduction 
cyc le ,  even though t h e  c y c l i n g  r a t e  i s  increased  t o  as much as 100 cycles/sec.  
This  means t h a t ,  even dur ing  t h e  very s h o r t  t ime corresponding t o  t h e  experiment 
c a r r i e d  out  a t  100 cyc les / sec ,  t h e  reac t ion  

Cd(Hg) + Cd(aq)++ + 2 e- 

Cd(aq)++ + EDTA + [Cd-EDTA] 

has gone e s s e n t i a l l y  t o  completion. Since 100 cyc les / sec  i s  t h e  upper limit of 
th$+cycling r a t e  allowed by t h e  e l e c t r o n i c s  and a l s o  by t h e  r e v e r s i b i l i t y  of t h e  
Cd /Cd(Hg) couple, it i s  necessary t o  slow down t h e  coupled chemical reac t ion  i n  
some way i n  order  t o  apply the  c y c l i c  voltammetric method t o  i t s  s tudy.  The re- 
a c t i o n  can be slowed down by reducing t h e  concent ra t ion  o f  t h e  r e a c t a n t  EDTA 
spec ies  to  a lower l e v e l .  A convenient way t o  achieve t h i s  is t o  add an excess 
of some metal ion t o  t h e  s o l u t i o n  which forms+)abile complexes with t h e  EDTA and 
y e t  i s  i n a c t i v e  a t  t h e  p o t e n t i a l  of t h e  Cd/Cd couple. For example, addi t ion  Of 

excess  calcium ion  t o  t h e  s o l u t i o n  b u f f e r s  t h e  s o l u t i o n  with respec t  t o  t h e  f r e e  
EDTA s p e c i e s  a t  a very low concentrat ion determined by t h e  equi l ibr ium constants  
of t h e  system. ++As long as t h e  rates of t h e  d i s s o c i a t i o n  and recombination reac- 
t i o n s  of  t h e  Ca 
between t h e  free EDTA s p e c i e s  and cadmium i o n  and, as long  as t h e  f r e e  calcium 
ions  and t h e  calcium-EDTA complex ions are i n  l a r g e  excess of t h e  r e a c t i n g  cadmium 
ions  a t  a l l  times, t h e  concent ra t ions  of t h e  f r e e  EDTA spec ies  w i l l  remain essen- 
t i a l l y  constant and w i l l  n o t  be  a f f e c t e d  by t h e i r  r e a c t i o n  with cadmium ion.  

-EDTA system a r e  much f a s t e r  than  t h e  r a t e s  of t h e  reac t ions  

The following t a b l e  shows some d a t a  obtained wi th  t h i s  system. 
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1 2 1  

Table I 

Electrochemical Data f o r  Determination of Pseudo Fi rs t -order  Rate Constants. 
Solut ion Conditions: Z ++ = 0.0159 M; Z 

a c i d  - NaOH B u f f e r ) ;  p = 1 . O M  (KNO3); T = 25.0 C .  

0.0120 M; pH = 9.210 (0.05 M Boric Ca EDTA 

I 
Current T kT k kT 
Ratio ( s e e . )  ( sec- l )  "calculated" 

0.473 0.3585 1.125 3.14 1.133 
0.711 0.1215 0.375 3.09 0.384 
0.772 0.0879 0.272 3.09 0.278 
0.806 0.0699 0.224 3.20 0.221 
0.729 0.1062 0.343 3.23 0.336 

0.523 0.2750 0.900 3.27 0.869 
0.650 0.1639 0.505 3.08 0.518 

AVE = 3.16 

Because of t h e  r a t h e r  f a s t  cyc l ing  rates, it w a s  necessary t o  d i s p l a y  t h e  cur ren t -  
vol tage curves on an o s c i l l i s c o p e  and t o  photograph t h e  o s c i l l i s c o p e  screen.  The 
r e s u l t i n g  photographs were analyzed using methods descr ibed by Nicholson ( 3 ) .  The 
experimental results a r e  shown i n  t h e  f irst  two columns of Table I .  The values  of 
kT entered  i n  t h e  t h i r d  column of  t h e  t a b l e  were obtained by e x t r a p o l a t i o n  from 
t h e  t h e o r e t i c a l  curve of ( i  /i ) E. k T  as descr ibed by Shain (1). 

of k were obtained by d iv id ing  t h e  appropr ia te  values  o f  kT by t h e  experimental 
values  of  T. The "calculated" values  of k T  were obtained by mul t ip ly ing  t h e  aver- 
age va lue  of  k by each experimental value of T. When t h e s e  "ca lcu la ted"  values of 
k T  are p l o t t e d  ys-. t h e  experimental cur ren t  r a t i o s ,  t h e  s o l i d  p o i n t s  i n  Figure 3 
a r e  obtained.  The s o l i d  curve i n  t h i s  f i g u r e  i s  t h e  t h e o r e t i c a l  l i n e  ca lcu la ted  
by Shain. The diagram demonstrates t h a t  t h e  experimental d a t a  do indeed cor- 
respond t o  t h e  coupled r e a c t i o n  model used t o  solve t h e  d i f f u s i o n  equat ions.  
Meaningful pseudo f i r s t - o r d e r  r a t e  constants  can t h e r e f o r e  be obtained and, i f  
t h e  concentrat ions of  var ious EDTA and EDTA-complex spec ies  are c a l c u l a t e d ,  t h e  
dependence of t h e  rate o f  t h e  r e a c t i o n  on t h e s e  s p e c i e s  can be determined. 

The values  
CP aP 

Measurement of Equilibrium Constants 

I f  a s o l u t i o n  containing t e t r a p r o t i c  EDTA, HkY, and an excess  of i n e r t  
support ing e l e c t r o l y t e  added t o  c o n t r o l  t h e  i o n i c  s t r e n g t h  i s  t i t r a t e d  with s t rong  
base,  t h e  t i t r a t i o n  curve can be  used t o  eva lua te  t h e  successive a c i d  d i s s o c i a t i o n  
cons tan ts  of t h e  f r e e  a c i d .  If H4Y i s  a l s o  t i t r a t e d  i n  t h e  presence of a s l i g h t  
excess  of  calcium ion ,  t h e  d a t a  from t h i s  t i t r a t i o n  curve can be combined with 
t h e  K ' s  f o r  t h e  f r e e  a c i d  t o  allow c a l c u l a t i o n  of t h e  formation cons tan ts  o f  all 
t h e  calcium-EDTA spec ies  formed. In order  t o  make t h e  c a l c u l a t i o n s  as genera l  as 
p o s s i b l e ,  p rovis ion  was made f o r  t h e  poss ib le  ex is tence  of two protonated Ca-EDTA 
complexes. 

All c a l c u l a t i o n s  were computerized i n  order  t o  minimize t h e  time spent  i n  
c a l c u l a t i o n ,  t o  make it p o s s i b l e  t o  use more d a t a  p o i n t s  and t o  o b t a i n  increased 
p r e c i s i o n  by averaging t h e  r e s u l t s .  The computor programs are w r i t t e n  i n  Fortran 
and were used with a Control Data Corporation 3600 Coaputor at  t h e  Research 
Computing Center o f  Indiana Universi ty .  The programs u t i l i z e  t h e  b a s i c  d a t a  from 
t h e  experiment ( i n i t i a l  M moles of  H4Y, mll of base corresponding t o  an equivalent  
of a c i d ,  i n i t i a l  volume, pH, mll of base added, and m o l e s  of Ca++ p r e s e n t )  and 
so lve  t h e  appropr ia te  simultaneous equat ions us ing  t h e  method of determinants. 
Some t y p i c a l  experiments and r e s u l t s  a r e  shown i n  Table 11. 
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Table 11 

Potent iometr ic  Determinations of Formation Constants f o r  Ca-EDTA System. 

Experiment 
Number of Average 
Simultaneous Value of  
Eq'ns Solved K 

T i t r a t i o n  of 1 x 10-3M 1 3  Equations K 1  = 6.15 x ' 
H 4 Y  - 1 . 0  M KN03 From Solved From 
a = 0 To a = 2 With KOH- 26 Data Poin ts  
1.0 M KNO3; T = 25.OoC 

T i t r a t i o n  of 1 x 10-3M 24 Equations 
H4Y - 1 . 0  M KNO3 From Solved From 
a = 3 t o  a = 4 with KOH- 48 Data Poin ts  rCy= 0.37 
1.0 M KNO3; T = 25.OoC 

T i t r a t i o n  of 1 x 10-3M H4Y- 1 2  Equations 
3 x 10-3w ca++ - 1 . 0 ~  KNO~ Solved From 
From a = 0 t o  a = 4 w i t h  KOH- 36 Data Poin ts  KCMY 
1.OM KNO3; T = 25.OoC 

K~ = 2.41 10-3 

K4 = 1.36 x 

= 4.33 1O+9 

= 1.94 10+3 
KCay 

KCaHpy = 27.4 

Equilibrium c o n s t a n t s  obtained i n  t h i s  manner can be used t o  c a l c u l a t e  t h e  
concent ra t ions  of EDTA s p e c i e s  present  a t  any pH i n  potassium n i t r a t e  so lu t ions  of  
i o n i c  s t r e n g t h  1.0. Two p l o t s  giving t h e  f r a c t i o n  of  each EDTA spec ies  present  i n  
s o l u t i o n  as a func t ion  of pH i n  t h e  absence and i n  t h e  presence of  excess cdlcium 
ion are shown i n  Figures  4 and 5 .  
formation cons tan ts  have n o t  been previously reported,  were found t o  be present  a t  
apprec iab le  concent ra t ions .  

The spec ies  KY-3 ,  CaHY- and CaH2Y, whose 
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It has been shown that many ligands dramatically affect the 
electrochemical oxidation of Cr(II). Pecsok and Lingane (1) have investigated 
the polarographic behavior of Cr(II) in the presence of KCl, KSCN, CaCl,, 
Me,NBr, and several carboxylic acids. Large changes in apparent half -wave 
potential and i n  the degree of irreversibility of the oxidation were found by 
changing the nature of the supporting electrolyte solution. 

Cr  LII) species using cyclic voltammetry, showed that CrC12+ is formed when 
Cr  II) is oxidized at a hanging mercury drop electrode in chloride solution. 

at mercury electrodes in the presence of fluoride, chloride, and iodide. They 
found that the rate of Cr(II) oxidation is proportional to the concentration 
of chloride over a fifty-fold change in chloride concentration, and that at 
a fixed potential, the accelerating effect of the halides decreases in the 
order  (I -) > (Cl-) > (F-), the effect of fluoride being very small. 
They point out that the tendency for specific adsorption of halides also 
decreases in this order, while the stability of the Cr(I1) complexes 
probably increases markedly in t h e  same order. 

reaction Cr3+ + C1- - CrC12+ may be ignored as a source of the complex 
CrCP+. Therefore if the product of electro-oxidation of Cr(I1) in chloride 
solutions is CrC12+ the transition state must contain chloride. This in 
turn implies that the reaction mechanism is halide -bridged electron transfer 
(or halide atom transfer). Jones and Anson (4) have carried out exhaustive 
controlled potential electrolyses of Cr(II) solutions at a s t i r red  mercury 
pool electrode in the presence of chloride. They found that when the initial 
chloride to  Cr(II) ratio is less than o r  equal t o  one, no free chloride is 
found in the product solution, and when the initial chloride to Cr(II) ratio 
is greater  than one the amount of chloride found is equal to  the initial excess 
of chloride over Cr@). This proves that the ligand-bridge mechanism 
obtains in that case. 

to show that the formation of CrC12+ in the oxidation of Cr(II) is quantitative 
when microcoulomb quantities of Cr(II) are oxidized as well as in mass 
electrolysis, to see if there is reactant adsorption, and to see if the reacting 
species is CrC1+. 

Kemula and Rakowska (2), who studied the reduction of various 

Aikens and Ross (3) have studied the rates of oxidation of Cr(I1) 

t 

Cr(III) is sufficiently inert to chloride substitution that the 

We have studied this reaction further using chronopotentiometry 

The ratio of forward to  reverse  transition times w a s  found to be 
three for, orddation of Cr(Il) in solution containing excess chloride followed 
by reduction of generated CrC12+. 
product of the oxidation. 

This demonstrates that CrC12+ is the sole 

3 
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Constancy of the chronopotentiometric constant with change in current 
density placed an upper limit of 1 pC/cm2 on the amount of reactant adsorbed 
on the electrode. 

A lower limit of 500 sec-: was found for the quantity 2(kf+kb)$/kb, 
where these constants are the forward and back pseudo-first-ord r 
rate  constants for the reaction Cr2+ + C1- = CrCl+ in 0. 5 F chloride solution. 
The spectroscopic measurements of Pecsok and Bjerrum (5) place an upper 
limit of 5x10-4 l/mole on the equilibrium constant for this reaction. 
Combination of these two quantities places a lower limit of 1 @ 2  sec-1 on 
the quantity kf + h. This limit is sufficiently high that it rules out prior 
complex formation as an important feature of the mechanism. 

The effect of bromide on the oxidation of Cr(II) is qualitatively 
s imilar  to that of chloride. Polarographic measurements of the rate of 
reduction of CrBr2+ and the rate of oxidation of Cr(I1) in the presence of 
bromide show that the standard potential for the reaction Cr2+ + Br-  = CrBr2+ 
+ e-  is -0.500 v. vs. SCE and the pseudo-first-order standard rate constant 
is 1.85~10-3 cm/sec. The apparent transfer coefficient obtained from the 
anodic reaction in the region -0.500 to  -0.300 v. vs. SCE is 0.21 and that 
obtained from the cathodic reaction in the region -0.500 to -0.600 v. vs. SCE 
is 0.48. These values are uncorrected for double layer. The corresponding 
values for the reaction Cr2+ = Cr3+ + e-  obtained from both the anodic 
and cathodic reactions are 0.74~10-5 cm/sec and 0.63. The standard 
potential is -0.650 v. vs. SCE. 

and bromide -dependent oxidations should proceed at roughly comparable rates 
over a wide range of potential and bromide concentration. Because of 
the potential dependence of the relative current efficiencies for the two 
reactions, a controlled potential technique, double potential step chrono- 
coulometry (6), was chosen to study the reaction. An equation was derived 

showed that under conditions where the oxidation of Cr  I II) is diffusion 
controlled the product should be almost entirely CrBr2+. This result 
was confirmed by double potential step chronocoulornetric data. 

The oxidation of Cr(II) in the presence of iodide is molle difficult 
to study because the reaction occurs at potentials near that for depolarization 
of mercury. Cyclic voltammetry at slow sweep rates in solutions with 

that the product of Cr(lI) oxidation is CrP+.  Exhaustive electrolysis at 
-0.192 v. vs.  SCE of Cr(II) solutions containing chloride and iodide were 
carr ied out to determine the product distribution between CrC12+ and Cr12+. 
The results obtained were in good agreement with values calculated from the 

- 

Using these rate parameters one can show that the bromide -independent 

which gives the coulombic yields for the two reaction pathways as a function 
of the kinetic parameters and experimental conditions 7). Calculations I 

1 

I 

I 
constant iodide concentration and varying amounts of Cr  01) demonstrated i 

I 

r a tes  of the competing reactions. i 

We conclude from these investigations that the oxidation of Cr@) 
at mercury electrodes in the presence of chloride, bromide, o r  iodide 
proceeds via the mechanism 

Hg + X- - Hg(X-),& f 

+ Cr2+ -. [Hg . -  X.. * C ~ I  . -  XC/+ 
- 

+ e  



This mechanism undoubtedly also obtains for many other ligands which are 
adsorbed on mercury and for  many other transition metal ions. 
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THE ELECTROCHEMICAL REDUCTION OF PENTAMMINECOBALT (111) 
COMPLEXES. THE QUESTION OF LIGAND 

BRIDGING AT ELECTRODES 

William M. Schwarz 

National Bureau of Standards 
Washington, D. C. 20234 

The electrochemical reduction of a number of pentamminecobalt 
complexes was investigated using linear scan voltammetry at a slowly 
dropping mercury electrode. An attempt was made to obtain direct 
evidence for the existence of an electron conducting ligand bridge 
intermediate in an electrochemical reduction, chiefly by comparing 
the electrochemical reduction--the electrochemical rate parameters 
(particularly a )  and activation effects--with the corresponding 
homogeneous reductions. The electron transfer coefficient, a ,  was 
found to range from 0.64 to 0.84 for complexes containing succinic, 
fumaric, maleic and various isomeric pyridinium carboxylic acids as 
ligands. The values showed little correlation with the ability of 
the ligand to form electron conducting bridges in the homogeneous 
sense; they did correlate with the degree of saturation of the ligand. 
One type of activation effect was investigated--the isomerization of 
maleic to fumaric acid when maleic acid is functioning as an electron 
conducting bridging ligand. No isomerization was found to occur for 
the electrochemical reduction of the maleatopentamminecobalt complex. 
Similarly no isomerization was observed in the case of homogeneous 
reduction by vanadium (11) in acidic solutions. The latter results 
are in disagreement with previous reports of this "activation effect." 
These results show no evidence for a ligand bridging electroreduction 
mechanism in these systems. 
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The polarographic waves of a number of complex ion systems a re  kndwn t o  be irre- 
r s i b l e  i n  a lka l ine  so lu t ion .  
melly represented as Cu(Py),. 
r the  system. 

Its versus S.C.E. 
pearence of the  polarogram of an a l k a l i n e  so lu t ion  of the  complex is  a f fec t ed  by the  
mXntration of the supporting e l ec t ro ly t e ,  through the  influence of t he  l a t t e r  upon 
e e l e c t r i c a l  double l aye r .  

One such system is  t he  copper(I1)-pyrophosphate complex, 
Below pH 6 a r eve r s ib l e  polarographic wave is obtajned 

A s  the pH approaches 9 t h e  wave becomes sp l i t ,  i n t o  two pa r t s ,  and the 
d i f fus ion  current i s  not a t t a ined  u n t i l  t he  e lec t rode  po ten t i a l  is a t  l e a s t  -1.3 

In addi t ion  t o  t h e  varylng behavior of t he  reduction wave, the  

I n  t h i s  work potassium n i t r a t e  was used as t he  supporting 

measurements, and regular  and A.C.  polarography. Hanging drop and dropping 
f y c u r y  e lec t rodes  were used exc lus ive ly .  

4, 
r r e v e r s i b i l i t y ,  double-layer capac i ty  data were obtained f r o m  t r i a n g u l a r  sweep voltam- 
& t r y  of t he  sodium nitrate-sodium pyrophosphate system. No adsorption of pyrophosphate 
cas detected by t h i s  method, or by searching for t he  Esin-Markov e f f e c t  for pyrophosphate. 
h e  value of t he  po ten t i a l  of a streaming mercury e lec t rode  i n  0.1 and 0.2 E so lu t ions  
if sodium pyrophosphate was a constant -0.428 v o l t s  versus S.C.E., ac tua l ly  less than 
.he -0.435 v o l t s  expected i n  the  absence of anionic adsorption, and t h i s  discrepancy was 
k t r i b u t e d  t o  a s l i g h t  ca t ion ic  adsorption. 
I 

Near the  end of t he  inves t iga t ion ,  evldence supporting the  existence of the  spec i f i c  

Since It v a s  i n i t i a l l y  hypothesized t h a t  perhaps adsorption was the  cause of the 

idsorption of n i t r a t e  ion on mercury was published, and subsequent co r re l a t ion  with data 
.aken i n  the  present study confirmed t h a t  f a c t .  
.ion was confirmed. t o  be -0.519 v o l t s  versus S.C.E. 

j Chronocoulometry and double-step chronocoulometry, s e l e c t i v e  for the  de tec t ion  of 
idsorption of e lec t roac t ive  species,  were employed t o  determine whether any of the 
Lopper pyrophosphate complex is adsorbed. The g rea t e s t  poss ib le  amount of adsorption 
ras found t o  be only about 0.5 x 10-l' moles em.-'. 
,able adsorption of the  copper pyrophosphate complex occurs. Inspection of drop time 
? l ec t rocap i l l e ry  curves for a l k a l i n e  solutiona of potassium n i t r a t e ,  some v l t h  copper 
)yrophosphate and some without, showed no not iceable  d i f fe rences  a t  any p o t e n t i a l  among 
;he various curves. 
lhsorption of t h e  complex. 

The value of the ECM i n  1 F  KmOs solu- 

Thus it may be sa id  t h a t  no detec- 

This i s  add i t iona l  evidence aga ins t  t he  ex ls tence  of s p e c i f i c  

A prevloue report, plus  evldence found i n  t h e  present study, i nd ica t e  t h a t  i n  alka- 
L i n e  so lu t ion  t h e  r a t e  of t he  electrochemical reac t ion  i s  cont ro l led  by t h e  r a t e  of dis -  
3ociation of t h e  2:l complex t o  form t h e  reducible species,  the  l a t t e r  being Cu(Py)'- in 
$he absence of substances which form complexes with copper pyrophosphate ions .  
Qloying t h e  po ten t i a l  s t e p  method it vas poss ib le  t o  measure the parameters of the e lec t ro-  
:hemica1 reduction s t ep  i n  both ac id  and a l k a l i n e  so lu t ions .  
)ammeters for 1 F KnOs of pH = 9.34 a r e  the  following: lao = 0.596 x 

ka0 E 0.38 x 1O-"cm. set.-', n = 0.4. 
5 
9) 

By em- 

me values found for the 
amp. em.-=, 

A t  pH = 3.0 the  values a r e  1,' = 6.92 x amp. 



kao = 3.90 x IO-' cm. See.-', c/ =.0.3. These apparent values  tended Renerally t o  
increase with decreasing OTO3 concentration and pH. 

Double l a y e r  cor rec t ions  were appl ied t,o the  above r e s u l t s .  These calcillat.ions 
yi_e$ded so-cal led t r u e  values  of t,he parameters, a s  follows. 
10 -' k = 6.7 x cm. see.-', c/ = 0.5. A t  pH = 3.0, i '" = 1.87 x io-' 

A t  pH = 9.34, i = 1.21 x 

amp. 4.94 x Id2 cm. see.-', cy = 0.5. r" 
The apparent values o f  the kinet , ic  parameters at. pH 3 a r e  only 20 per  cent, l e s s  tha 

values,  a lso uncorrected for double l a y e r  e f f e c t s ,  reported i n  t h e  l i t e r a t u r e  for  reduc- 
t i o n  of copper(I1) from 1 KNO3 so lu t ion .  Thus it i s  thought t h a t  t h e  complex i s  weak 
i n  a c i d i c  solut ion,  p a r t i c u l a r l y  i n  the  presence of 12 sodium ion.  This conclusion is  
strengbhened by t h e  r e s u l t s  obtained f o r  the i o n i c  charge z on t h e  reducible species i n  
t h e  bulk of the  so lu t ion .  These values  were  obtained a s  a by-product of t h e  applica- 
t i o n  of double l a y e r  cor rec t ions .  A t  pH 9, z = 2, while a t  pH 3 ,  z = +l. 

A series of polamgrams of  t h e  copper pyrophosphate complex was taken f o r  varying 
concentrat ions of potassium n i t r a t e .  From t h e  polarograms, values  f o r  an apparent r a t e  
constant  V, were computed f r o m  t he  formula of Koutecky for a k i n e t i c  polaroRraphic 
cur ren t .  Values for  $ o  = f ( C  , E )  w e r e  obtained from e l e c t r o c a p i l l a r y  measurements and 
the Gouy-Chapman theory.  
point  of  zero charge f o r  that ,  so lu t ion .  Jo were then p lo t ted  a s  
func t ions  of  fl and t h e  concentrat ion,  i n  t h e  manner of  Gierst (4) .  
t a ined  f r o m  a graphical  determinat ion of  cy, z, and v'" from t h i s  p l o t  a r e  as follows. 
From t h e  p o t e n t i a l  region of positive e lec t rode  charge, rm = 0.4, z = -1.2, vo = 8.0 x 

cm. set.-'. 
z = -0.32, vo = 8.7 x 

I n  8ach case t h e  value f o r  !d = 0 was taken a s  t h e  experimental 
The values  of  @ and 

The r e s u l t s  ob- 

From the p o t e n t i a l  region of  negat ive e lec t rode  charge, m = 0.1, 

I n  t h e  region of positive e lec t rode  charge, obsemat ion  o f  the V, versus !d curve 
for  1 KN03 ind ica tes  t h a t  the rate is  near ly  independent of  #', and it i s  thought 
t<hat i n  t h i s  p o t e n t i a l  region only t h e  1:l complex i s  reduced. 
of 6 bot,h the mono- and di- l igand complexes a r e  thought t o  undergo reduction, and the 
observed r a t e  slowly i n c r e a s e s  u n t i l  f i n a l l y ,  a t  very negative poten t ia l s ,  the rate 
becomes d i f fus ion  cont ro l led .  I n  the region of positive e lec t rode  charge the value 
obtained f o r  z i s  approldmately equal  t h a t  obtained f r o m  the re laxa t ion  experiments. 
The value for  (Y is moderately less. 
charge, both CY and z are s u r p r i s i n g l y  small. This is  a t t r i b u t e d  t o  t h e  simultaneous 
reduct ion o f  more than one complex species, i n  addi t ion  t o  double l a y e r  e f f e c t s .  

cm. set.-'. 

A t  more negative values 

I n  the p o t e n t i a l  region o f  negative electrode 

The evldence i n d i c a t e s ,  therefore ,  t h a t  t h e  effects a r e  d i f f e r e n t  on t h e  two s ides  
o f  t h e  p o i n t  of zero charge. 
equation t h a t  the effect of @ 1  on VK is  considerably lessened i n  th i s  p o t e n t i a l  range. 
This  Is t o  be expected if both  the 1:l and 2:l complexes a r e  reduced i n  t h i s  region, 
s i n c e  t h e  2:1 complex has  an  even l a r g e r  negat ive charge then does t h e  1:1, and then t h e  
reactant ,  the adsorbed n i t r a t e  ions,  and the e lec t rode  a r e  a l l  negative,  and t h e  4 
effect should then be e t  i t s  maximum. 

The low value of cy a t  negat ive fl i n d i c a t e s  v i a  t h e  Frumkin 

/ 

I 

/ 

i 



POLAROGRAPHY OF DIPHENYLTHALLIUM( 111) C A T I O N  I N  AQUEOUS SOLUTION 

J o s e p h  S .  D i  G r e g o r i o ,  M i c h a e l  D .  M o r r i s  

D e p a r t m e n t  o f  C h e m i s t r y ,  The  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  

U n i v e r s i t y  P a r k ,  P e n n s y l v a n i a  16802 

T h a l l i u m  f o r m s  i o n i c  o r g a n o c o m p o u n d s  o f  t h e  t y p e  R 2 T l X  w h e r e  
R i s  a n  a l k y l  o r  a r y l  g r o u p  a n d  X i s  a h a l i d e ,  s u l p h a t e ,  c y a n i d e ,  
n i t r a t e  o r  o t h e r  a n i o n  ( 1 ) .  T h e s e  compounds  a r e  s t a b l e  a n d  many 
a r e  w a t e r  s o l u b l e .  D i a l k y l -  a n d  d i a r y l t h a l l i u m (  11s) c a t i o n s  a r e  
e l e c t r o r e d u c i b l e  a t  t h e  d r o p p i n g  m e r c u r y  e l e c t r o d e ,  

b r o m i d e s ,  R2T1Br, i n  a q u e o u s  p r o p a n o l  s o l u t i o n  w h e r e  R i s  a n  e t h y l ,  
P r o p y l  o r  b u t y l  g r o u p .  H e  r e p o r t e d  t h a t  t h e s e  s p e c i e s  a r e  r e d u c i b l e  
t O  l o w e r  o x i d a t i o n  s t a t e s  o f  t h a l l i u m  a n d  u l t i m a t e l y  t o  t h a l l i u m  
amalgam.  H e  p r o p o s e d  a m e c h a n i s m  i n v o l v i n g  t h e  f o r m a t i o n  o f  a 
T l - T l  b o n d  b u t  d i d  n o t  a t t e m p t  t o  i d e n t i f y  t h e  r e a c t i o n  p r o d u c t s .  
We h a v e  e x a m i n e d  i n  d e t a i l  t h e  m e c h a n i s m  o f  t h e  p o l a r o g r a p h i c  r e d u c -  
t i o n  o f  t h e  d i p h e n y l t h a l l i u m ( I I 1 )  c a t i o n  a n d  h a v e  e s t a b l i s h e d  t h e  
d e c a y  s c h e m e s  f o r  t h e  s u b v a l e n t  o r g a n o t h a l l i u m  r a d i c a l s  f o r m e d  a t  
t h e  d r o p p i n g  m e r c u r y  e l e c t r o d e .  

G r i g n a r d  s y n t h e s i s  ( 3 ) .  D i p h e n y l t h a l l i u m  f l u o r i d e  was  p r e p a r e d  by 
r e a c t i o n  o f  c o m m e r i c a l  d i p h e n y l t h a l l i u m  i o d i d e  ( M e t a l l o m e r  L a b o r a -  
t o r i e s ,  F i t c h b u r g ,  Mass .) a n d  s i l v e r  f l u o r i d e  ( 4 )  . The e l e c t r o c h e m i c a l  
b e h a v i o r  o f  d i p h e n y l t h a l l i u m  b r o m i d e  a n d  d i p h e n y l t h a l l i u m  f l u o r i d e  i s  
i d e n t i c a l .  T r i t o n  X - 1 0 0  (Rohm a n d  H a a s )  was  u s e d  a s  r e c e i v e d .  The 
s u p p o r t i n g  e l e c t r o l y t e  (pH = 6.20)  w a s  p r e p a r e d  f r o m  r e a g e n t  g r a d e  
p o t a s s i u m  d i h y d r o g e n  p h o s p h a t e  a n d  s o d i u m  h y d r o x i d e .  A l l  s o l u t i o n s  
w e r e  p r e p a r e d  u s i n g  d i s t i l l e d  w a t e r  and  c o n t a i n e d  O.OOl$ T r i t o n  
X - 1 0 0  a s  a maximum s u p p r e s s o r .  

m a i n t a i n e d  a t  2 5 . 0 f O . l ' C .  P o t e n t i a l s  a r e  r e p o r t e d  v e r s u s  t h e  
s a t u r a t e d  c a l o m e l  e l e c t r o d e .  

R e s u l t s .  The  m e c h a n i s m  o f  t h e  p o l a r o g r a p h i c  r a d u c t i o n  o f  
a q u e o u s  s o l u t i o n s  of  d i p h e n y l t h a l l i u m (  111) c a t i o n ,  ( C8HS) zTl+, 
a t  t h e  d r o p p i n g  m e r c u r y  e l e c t r o d e  is c o n c e n t r a t i o n  d e p e n d e n t .  A t  
low c o n c e n t r a t i o n s ,  0.1 x 1 0 ' 3 M  t o  0 . 5  x 10-3M, t h r e e  i r r e v e r s i b l e ,  
d i f f u s i o n - c o n t r o l l e d ,  o n e - e l e c t r o n  w a v e s  a r e  o b s e r v e d .  A t  h i g h  
c o n c e n t r a t i o n s ,  a b o v e  0 . 5  x l O - = M ,  t w o  i r r e v e r s i b l e ,  d i f f u s i o n -  
c o n t r o l l e d ,  o n e - e l e c t r o n  w a v e s  a r e  o b s e r v e d .  

i s  shown i n  F i g u r e  1. On t h e  a s c e n d i n g  p o r t i o n  o f  t h e  f i r s t  wave ,  
t h e  c u r r e n t ,  a s  a f u n c t i o n  o f  t i m e ,  d o e s  n o t  i n c r e a s e  m o n o t o n i c a l l y ,  
b u t  i n s t e a d  r e a c h e s  a maximum v a l u e  d u r i n g  t h e  l i f e t i m e  o f  t h e  
d r o p  a n d  t h e n  d e c r e a s e s  a s  t h e  d r o p  c o n t i n u e s  t o  grow.  The c u r r e n t  
o n  t h e  a s c e n d i n g  p o r t i o n  o f  t h e  s e c o n d  wave i s  a l s o  n o n - m o n o t o n i c .  
T h e  s h a p e  o f  t h e  c u r r e n t - t i m e  c u r v e  a s  a f u n c t i o n  o f  p o t e n t i a l  i s  
c u r r e n t l y  u n d e r  i n v e s t i g a t i o n ,  a n d  a p p a r e n t l y  i s  r e l a t e d  t o  t h e  
a d s o r p t i o n  o f  i n t e r m e d i a t e  s p e c i e s  a t  t h e  e l e c t r o d e  s u r f a c e .  
C o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s  (0.1 x ( C8H,)2T1+) a t  a 
m e r c u r y  p o o l  c a t h o d e  a t  a p o t e n t i a l  c o r r e s p o n d i n g  t o  t h e  f i r s t  
d i f f u s i o n - c u r r a n t  p l a t e a u  y i e l d s  d i p h e n y l m e r c u r y  . T h a t  t h e  compound 
f o r m e d  (M.P.  1 2 5 ° C )  i s  d i p h e n y l m e r c u r y  was v e r i f i e d  by c o m p a r i s o n  
o f  i t s  i n f r a r e d  s p e c t r u m  w i t h  t h a t  o f  a n  a u t h e n t i c  s a m p l e  o f  d i p h e n y l -  
m e r c u r y .  E l e c t r o l y s i s  a t  a p o t e n t i a l  c o r r e s p o n d i n g  t o  t h e  s e c o n d  
d i f f u s i o n - c u r r e n t  p l a t e a u  w a s  n o t  a t t e m p t e d  b e c a u s e  o f  t h e  i l l - d e f i n e d  

I 

C o s t a  ( 2 )  s t u d i e d  t h e  p o l a r o g r a p h i c  r e d u c t  i o n  o f  d i a l k y l t h a l l i u m  

E x p e r i m e n t a l .  D i p h e n y l t h a l l i u m  b r o m i d e  w a s  p r e p a r e d  by t h e  

P o l a r o g r a m s  were made on  s o l u t i o n s  i n  a w a t e r - j a c k e t e d  c e l l  

A t y p i c a l  low c o n c e n t r a t  i o n  p o l a r o g r a m  ( 0 . 1  x 1 0 - 3 M  ( C e H 5 )  2 T 1 +  



I 

n a t u r e  o f  t h e  wave .  No d i p h e n y l m e r c u r y  i s  f o r m e d  d u r i n g  e l e c t r o l y s i s  
a t  a p o t e n t i a l  o n  t h e  ' t h i r d  d i f f u s i o n - c u r r e n t  p l a t e a u .  

is shown i n  F i g u r e  2. The f i r s t  wave  i s  p r e c e e d e d  by a n  a d s o r p t i o n  
w a v e .  A s  i n  t h e  low c o n c e n t r a t i o n  c a s e ,  t h e  c u r r e n t ,  a s  a f u n c t i o n  
o f  t i m e ,  d o e s  n o t  i n c r e a s e  m o n o t o n i c a l l y .  A n o n  d i f f u s i o n - c o n t r o l l e d  
t h i r d  wave  is o b s e r v e d  a t  p o t e n t i a l s  more c a t h o d i c  t h a n  r l . 3  V. An 
e l e c t r o c a p i l l a r y  c u r v e  o f  a s o l u t i o n  (1 .0  x 10-311 ( C , H ~ ) ~ T ~ + )  i s  
shown i n  F i g u r e  3. D e p r e s s i o n s  c o r r e s p o n d i n g  t o  a d s o r p t i o n  o f  t h e  
p a r e n t  c a t i o n  a n d  o f  b o t h  i n t e r m e d i a t e  s p e c i e s  a t  t h e  e l e c t r o d e  
s u r f a c e  a r e  o b s e r v e d .  The more p r o n o u n c e d  d e p r e s s i o n s  i n  t h e  
r e g i o n s  o f  s t a b i l i t y  o f  t h e  i n t e r m e d i a t e  s p e c i e s  a r e  i n d i c a t i v e  
o f  t h e  s t r o n g e r  a d s o r p t i o n  o f  t h e s e  s p e c i e s  t h a n  o f  t h e  p a r e n t  
c a t i o n .  C o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s  a t  p o t e n t i a l s  c o r r e s p o n d i n g  
t o  b o t h  t h e  f i r s t  a n d  s e c o n d  d i f f u s i o n - c u r r e n t  p l a t e a u s  y i e l d s  

A t y p i c a l  h i g h  c o n c e n t r a t i o n  p o l a r o g r a m  ( 1.0 x 1 0 - 3 M ( C e H 5 )  2T1+) 

1 d i p h e n y l m e r c u r y .  
C o n c l u s i o n s .  T h e  f o l l o w i n g  r e a c t i o n  scheme i s  p r o p o s e d  t o  

a c c o u n t  f o r  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  t h e  p o l a r o g r a p h i c  
r e d u c t  i o n  o f  d i p h e n y l t h a l l i u m (  111) c a t i o n .  A t  low c o n c e n t r a t i o n s  
t h e  f i r s t  e l e c t r o n  t r a n s f e r  y i e l d s  a n  a d s o r b e d  d i p h e n y l t h a l l i u m ( I 1 )  
r a d i c a l  a s  g i v e n  by E q u a t i o n  1. 

( CeHs) 2T1+ + l e -  %g [( CeHs) 2 T 1 ' ]  - -Hg ( 1)  
T r a n s m e t a l l a t  i o n  w i t h  t h e :  m e r c u r y  e l e c t r o d e  y i e l d s  d i p h e n y l m e r c u r y  
a s  i n  E q u a t i o n  2 .  

[ ( C e H 5 ) 2 T l ' ] . * . H g  3 (CeH5)2Hg + T 1  (2) 
The s e c o n d  e l e c t r o n  t r a n s f e r  y i e l d s  a n  a d s o r b e d  p h e n y l t h a l l i u m (  I) 
r a d i c a l  a s  shown i n  E q u a t i o n  3. 

( C,H5)2Tl+ + 2e' + H +  3 [(  CeH5)T1']+.  .Hg ( 3 )  
T r a n s m e t a l l a t  i o n  w i t h  t h e  m e r c u r y  e l e c t r o d e  y i e l d s  a p h e n y l m e r c u r y  
r a d i c a l  a8 i n  E q u a t i o n  4 .  

[ ( C e H 5 ) T l ' ] * . . H g  ( C ~ H S H ~ ' ]  + T 1  (4) 
R a p i d  d i s p r o p o r t i o n a t i o n  of t h e  m e r c u r y  r a d i c a l  y i e l d s  d i p h e n y l -  
m e r c u r y  a s  i n  E q u a t i o n  5 .  

2 I C e H s H g ' I  3 ( C e H s I a g  + Hg ( 5 )  

(6) 
T h e  t h i r d  e l e c t r o n  t r a n s f e r  c o r r e s p o n d s  t o  E q u a t i o n  6 .  

(CeH5),T1+ + 3e- + 2H+ 3 2CeH5 + T 1  

A t  h i g h  c o n c e n t r a t i o n s  t h e  f i r s t  e l e c t r o n  t r a n s f e r  p r o c e e d s  a s  i n  
E q u a t i o n s  1 a n d  2. T h e  s e c o n d  e l e c t r o n  t r a n s f e r  i s  g i v e n  b y  
E q u a t i o n  7 .  

( 7 )  + 2(CeHs)Tl+  + 4e-  + 2H 3 2 [ ( C e H S ) T 1 ' ] - . - . H g  

A l t h o u g h  t h e  s t o i c h i o m e t r y  is t h e  same i n  b o t h  t h e  l o w  a n d  h i g h  
c o n c e n t r a t i o n  c a s e s ,  t h e  e t r u c t u r e s  o f  t h e  i n t e r m e d i a t e s  a r e  
d i f f e r e n t  a s  shown b e l o w .  T r a n s m e t a l l a t i o n  o f  t h e  p h e n y l t h a l l i u m  
r a d i c a l  w i t h  t h e  m e r c u r y  e l e c t r o d e  l e a d s  d i r e c t l y  t o  d i p h e n y l m e r c u r y  
a s  in E q u a t i o n  8. 
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A t  b o t h  low a n d  h i g h  c o n c e n t r a t i o n s  
v i a  f o r m a t i o n  o f  a r a d i c a l  a d s o r b e d  o n t o  
f o l l o w e d  by t r a n s m e t a l l a t i o n  o f  t h e  r a d i c a l .  S t r u c t u r e  1 r e p r e s e n t s  
a l i k e l y  i n t e r m e d i a t e .  

t h e  f i r s t  r e d u c t  i o n  p r o c e e d s  
t h e  m e r c u r y  s u r f a c e  

At low c o n c e n t r a t  i o n s  t h e  a d s o r b e d  m o n o p h e n y l t h a l l i u m ( . I )  r a d i c a l s  
f o r m e d  d u r i n g  t h e  s e c o n d  e l e c t r o n  t r a n s f e r  a r e  so f a r  a p a r t  t h a t  
e a c h  r a d i c a l  r e a c t s  w i t h  a d i f f e r e n t  m e r c u r y  a t o m  a s  shown 
s c h e m a t i c a l l y  i n  s t r u c t u r e  11. 

C e H 5 . s  .T1' 

' H g -  
Hg 

C A H 5 " ' T l '  ( 11) 

A t  h i g h  c o n c e n t r a t i o n s  t h e  a d s o r b e d  m o n o p h e n y l t h a l l i u m (  I)  r a d i c a l s  
a r e  s o  c l o s e  t o g e t h e r  t h a t  two r a d i c a l s  c a n  r e a c t  w i t h  t h e  same 
m e r c u r y  a tom a s  i n  s t r u c t u r e  111. 

CqH,  * .T 1 

' H g  

The  t h i r d  e l e c t r o n  t r a n s f e r  a t  low c o n c e n t  r a t  i o n s  ( E q u a t i o n  6 )  
c o r r e s p o n d s  t o  r e d u c t i o n  o f  a n  a d s o r b e d  m o n o p h e n y l t h a l l i u m (  I )  o r  
p h e n y l m e r c u r i c  r a d i c a l  t o  t h a l l i u m  a n d  b e n z e n e  o r  m e r c u r y  a n d  b e n z e n e .  
A t  h i g h  c o n c e n t r a t i o n s  t h e  d i r e c t  r e a c t i o n  b e t w e e n  t w o  m o n o p h e n y l -  
t h a l l i u m (  I )  r a d i c a l s  a n d  a s i n g l e  m e r c u r y  atom ( E q u a t i o n  8, s t r u c t u r e  
111) r e m o v e s  m o n o p h e n y l t h a l l i u m ( 1 )  r a d i c a l s  s o  r a p i d l y  t h a t  f u r t h e r  
r e d u c t i o n  d o e s  n o t  o c c u r .  I f  t h e  e l e c t r o a c t i v e  s p e c i e s  i s  a p h e n y l -  
m e r c u r g c  r a d i c a l ,  a s i m i l a r  a r g u m e n t  a p p l i e s .  Decay o f  i n t e r m e d i a t e  
s t r u c t u r e  I11 p r o c e e d s  d i r e c t l y  t o  d i p h e n y l m e r c u r y  l e a v i n g  n o  p h e n y l -  
m e r c u r i c  r a d i c a l s  a v a i l a b l e  f o r  f u r t h e r  r e d u c t i o n .  

The  t r a n s m e t a l l a t i o n  o f  d i p h e n y l t h a l l i u m (  1 1 1 )  b r o m i d e  w i t h  
m e r c u r y  h a s  b e e n  o b s e r v e d  i n  a n o n - e l e c t r o c h e m i c a l  s y s t e m  by C i l m a n  
a n d  J o n e s  ( 5 ) .  They  r e p o r t e d  a n  e x c e l l e n t  y i e l d  (90%) o f  d i - p h e n y l -  
m e r c u r y  a f t e r  r e f l u x i n g  e i g h t  h o u r s .  T h e r e  h a v e  b e e n  s e v e r a l  r e p o r t s  
i n  t h e  l i t e r a t u r e  o f  s y s t e m s  i n v o l v i n g  t r a n s m e t a l l a t  i o n s  of o r g a n o -  
m e t a l l i c  compounds w i t h  m e r c u r y  d u r i n g  e l e c t r o c h e m i c a l  r e d u c t i o n s .  
M o r r i s ,  HcKinney a n d  Woodbury ( 6 )  r e p o r t e d  a r y l a t i o n  o f  t h e  m e r c u r y  
e l e c t r o d e  w i t h  a q u e o u s  s o l u t i o n s  o f  t e t r a p h m y l a n t i m o n y (  V) c a t i o n  
t o  y i e l d  d i p h e n y  l m e r c u r y .  R e c e n t l y  Dessy  a n d  c o w o r k e r s  ( 7 )  s t u d i e d  
t h e  e l e c t r o c h e m i c a l  b e h a v i o r  o f  t r i p h e n y l l e a d  a c e t a t e  a n d  d i p h e n y l -  
l e a d  d i a c e t a t e  i n  d i m e t h o x y e t h a n e  a n d  r e p o r t e d  a r y l a t i o n  o f  t h e  
m e r c u r y  e l e c t r o d e  by p r o d u c t s  o f  t h e  e l e c t r o r e d u c t i o n s  t o  y i e l d  
d i p h e n y l m e r c u r y  i n  b o t h  c a s e s .  
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CAPTIONS FOR FIGURES - 
F i g u r e  1. P o l a r o g r a m  o f  0.10 x F (CeH5)2T1+ i n  0 . 0 5 F  

(H2PO4 + HP04=) .  O . O O l $  T r i t o n  X-100 p r e s e n t  a s  
maximum s u p p r e s s o r .  

F i g u r e  2. P o l a r o g r a m  o f  1.00 x F ( C B Y s ) 2 T 1 +  i n  O.05F 
(H2PO4- + HP04'). 0.001$ T r i t o n  X-100 p r e s e n t  a s  
maximum s u p p r e s s o r .  

F i g u r e  3 .  Drop time d e p e n d e n c e  on  p o t e n t i a l ;  c a p i l l a r y  f l o w  r a t e  = 
2.70 m g / s e c .  
A .  0 .05  F (HzPO,' + H P 0 4 = )  
B. 0 .05  F ( H 2 P 0 4 -  + HP04=) c o n t a i n i n g  O.OOl$ T r i t o n  X-100. 
c .  1.00 x, 10-3 F ( c ~ H ~ ) ~ T ~ +  i n  0.05 F ( H ~ P O ~ -  + H P O ~ = ) .  
D .  1.00 x 10-3 F ( c ~ H ~ )  2 T 1 +  i n  0.05 F (H2P04- + HPO4') 

c o n t a i n i n g  O . O O l &  T r i t o n  X - 1 0 0 .  
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POLAROGRAPHIC BEHAVIOR OF A SERIES 

OF SUBSTITUTED HYDRAZINES. 
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Olin Mathieson Chem. Corp., N e w  Haven, Conn. 
"Present Address: Department of Chemistry, 

The University of Akron, Akron, Ohio 
I 

The oxidation of hydrazine and i ts  organic der iva t ives  is  of 
importance i n  a number o f .a reas .  O n e  may c i t e  the u s e  of hydrazines 
as  propellents,  a s  oxygen scavengers, i n  f u e l  cells ,  or as electrode 
depolarizers,  t o  name j u s t  a few applications.  In  almost a l l  cases, 
the oxidation path of the hydrazine cont ro ls  i t s  u t i l i t y .  Chemically, 
hydrazine oxidation proceeds through a diimide or  hydrazyl rad ica l  t o  
form nitrogen, or  nitrogen and ammonia, o r  ammonia and hydrazoic 
acid, depending on the conditions of reac t ion  (l)* Electrochemical 
s tud ies  of hydrazine (4, 2) and of methylhydrazine (5) have shown 
t h a t  an overa l l  four-electron react ion of the following s o r t  takes 
place: 

with the rate-determinin s t e p  a two-electron t r ans fe r  

I n  the case of methylhydrazine, the react ion i n  acid so lu t ion  i s  (5) 

The work present ly  reported was undertaken t o  e luc ida te  some of the 
reasons f o r  the apparent differences i n  s t a b i l i i i .  c:' organic hydra- 
zines. In  par t icu lar ,  the electrochemical behavior of a s e r i e s  of 
monosubstituted hydrazines w a s  studied. In  order t o  minimize 
ambiguities due t o  the c a t a l y t i c  c:fects of riohlc metals (J), such as 
those found with platinum electrodes (2, S ) ,  a normal dropping 
mercury electrode was u t i l i z e d  i n  E - t r o n g l y  bar4i.c: solut ion.  
experimental arrangement roduces wel l  defined, >.eversible anodic 
waves e a s i l y  in te rpre ted  72) ., 

EXPERIMENTAL 
Chemicals - Monomethyln drazine (MMH), 1,l-dimethylhydrazine (UDMH), 
1,2-dimethyl hydrazine TSDMH) , 1,2-diisobutylhydrazine (DLBH), 
n-hexylhydrazine (nHH) and acetic hydrazide ( AcX) (Olin Mathieson 
Chemical Corp.) were d i s t i l l e d  under reduced pj:essure and assayed 
by an iodometric t i t r a t i o n  (1). 
hydrazine (DAcX) (Olin Mathieson Chemical Corp.) w e r e  r ec rys t a l l i zed  
from water. Ethyl hydrazine acetate  hydrochloride ( E a )  and 2-propyl 
hydrazine oxalate  (PrH) (K and K Laboratories) w e r e  used without 
fur ther  pur i f ica t ion ,  but assay indicated "ce F u r i t  t o  be 84%. 
Phenyl hydrazine hydrochloride (Eastman White Lahely also was used 
without fur ther  pur i f ica t ion .  A l l  o ther  chemicals w e r e  reagent 
grade. 
APPARATUS - A Sargent Model XXI polarograph was used i n  conjunction 
with a thermostated H-cell ( 2 5 O f  0.1OC.) containing a sa tura ted  
mercurous su l f a t e  reference electrode (6 ) .  The mercurous s u l f a t e  
reference w a s  used t o  permit the appl icat ion of more pos 
voltages.  The cap i l l a ry  used had a constant of 1,98 mg2jSiizcond1/6 
a t  2 5  cm. of Hg. 
PROCEDURE - Stock so lu t ions  of the hydrazines w e r e  prepared immedi- 
a t e l y  before u s e  and degassed with nitrogen pre-saturated w i t h  a 
or t ion  of the stock solut ion.  Background elec ' t rolyte  so lu t ions  

PO. 14 sodium hydroxide-0.005% gela t in)  w e r e  deoxygenated f o r  10 

N 2 H 4  - N 2  + 4e- + 4& 

CH3NHMI3' t- H 2 0  

( 1) 

( 21 

(3) 

N2H4 N2H3+ + 9 + 2e- __+ N2H +H+ 

CH30H + N 2  + 5H + 4e- 

This 

Hydrazine s u l f a t e  and d i ace ty l  
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minutes i n  the H-cell and the r e q u i s i t e  volume of hydrazine stock 
so lu t ion  added. The mixture  was mixed thoroughly and the polarogram 
run immediately. A l l  polarograms were run using a span of 0.5 vol ts  
w i t h  the i n i t i a l  and f i n a l  voltages measured accurately with a 
Rubicon Portable Precis ion potentiometer. 
obtained graphical ly  using the average of the,  recorder t races .  

E112 and id values were 

RESULTS AND D I S C U S S I O N  1 
I n  order t o  maintain conditions as constant as  possible,  a l l  the 

hydrazine samples w e r e  run a t  2. 0.5 @ concentration. 
of any concentration dependency of the half-wave po ten t i a l s  thus 
would be minimized. Table I lists the polarographic values obtained 
f o r  a var ie ty  of subs t i t u t ed  hydrazines i n  0.1& NaOH, =.a mercurous 
s u l f a t e  electrode. 

The r e s u l t s  f o r  the monosubstituted a lkyl  hydrazines i s  of 
pa r t i cu la r  i n t e re s t .  I n  general, as  the carbon skeleton is 
lengthened, the half-wave po ten t i a l  i s  sh i f t ed  t o  more negative 
voltages.  A p l o t  of E112 vs. molecular weight is shown i n  Fig. 1 .  
An even more i n s t r u c t i v e  p l o t  i s  t h a t  of E vs. the  number of 
carbon atoms i n  the subs t i t uen t  chain o?ig?'$)T The l a t t e r  graph 
demonstrates t h a t  t he  half-wave po ten t i a l  i s  sh i f t ed  l i n e a r l y  t o  
negative voltages a s  a function of the number of carbon atoms i n  
the  subst i tuent .  ,The l i n e a r i t y  held over the  wide range of C1 t o  c6. 

Hydrazine, i t s e l f ,  however, d id  not f i t  the curve; extrapola- 
t i on  of the l i n e a r  por t ion  of the curve t o  zero carbon atoms gave a I 

value of -0.600 v. which was 52 mv more negative than the experi- 
mentally determined value. The da ta  shown i n  Figs. 1 and 2 may be 
in te rpre ted  in  terms of the e lec t ron  donating proper t ies  of a lkyl  
chains. As the chain w a s  increased i n  length, the half-wave poten- 
t i a l  f o r  the anodic reac t ion  was sh i f t ed  negatively, o r  t he  oxidation 
occurred more readi ly .  This increase i n  ease of oxidation might be 
explained on the b a s i s  of the e lec t ron  donating e f f e c t  of  increasing 
alkyl chain length (3) .  The slope of the  l i n e  i n  Fig. 2 corresponded 
t o  - 3 1  mv./ carbon atom. 

may be due t o  a combination of f a c t o r s  including a higher degree of 
i n s t a b i l i t y  i n  so lu t ion ,  d i f fe rence  i n  d i f fus ion  coef f ic ien t ,  o r  
lessened water so lub i l i t y .  
cal  or  unsymmetrical, d id  not appear t o  f i t  the  same pat te rn  as the 
monosubstituted compounds (Table I) . UDMH and SDMH produced essen- 
t i a l l y  iden t i ca l  half-wave po ten t i a l s  (a E l p 3 . 4  mv.) which were 
s h i f t e d  negat ively from the expected value f o r  a C In 
addition, based on t h e  d i f fus ion  cur ren t  constant fo r  the  monosub- 
s t i t u t e d  hydrazines, t h e  cur ren ts  f o r  UDMH and SDMH indicated a two- 
e lec t ron  react ion r a t h e r  than a four-electron step.  
similar t o  t h a t  encountered with a platinum e lec t rode  i n  acid medim 
(z)= 
the half-wave p o t e n t i a l  w a s  s i g n i f i c a n t l y  more negative than the 
methyl subs t i tu ted  compounds, however. 

an anodic wave which w a s  sh i f t ed  pos i t i ve ly  from t h a t  expected for  a 
mono-substituted s i x  carbon hydrazine; the s h i f t  w a s  3 9 . 1  mv. In  
t h i s  case, the e l ec t ron  withdrawing character  of the benzene r ing  
contr ibuted t o  produce the pos i t i ve  s h i f t .  The lower d i f fus ion  cue- 
r e n t  f o r  phenyl hydrazine appears t o  be due t o  a d i f fe rence  i n  
d i f fus ion  coef f ic ien t .  

The e f fec t  

A low value f o r  t he  d i f fus ion  current  of-- w a s  noted. This 

Disubst i tuted hydrazines, wither symmetri- 

compound. 

This behavior is  

Di-m a l s o  appeared t o  undergo only a two-electron oxidation; 

I n  comparison with the a lkyl  hydrazines, phenyl hydrazine gave 
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Acetic h y d r a z i d e  gave  an  a n o d i c  wave which w a s  s h i f t e d  p s i -  
t i v e l y  from e t h y l  h y d r a z i n e  by 38.8 m v .  
d i a c e t y l  h y d r a z i n e ,  however, w a s  n o t  electroactive o v e r  t h e  e n t i r e  
r a n g e  studied . 
( 1) Audr ie th ,  L. F., oqg, B. A., "The Chemistry of  Hydrazine",  John 

( 2 )  Bard, A. J., Anal. Chem., 35, 1602 (1963).  
( 3 )  Ingold ,  C. K., " S t r u c t u r e  and Mechanism i n  Organic  Chemistry" ,  

( 4 )  Karp, S., Meites, L., J. Am. C h e m .  Soc. 84, 906 (1962) .  
( 5 )  King, D. M., Bard, A. J.  m, 87, 419 t 1 9 6 5 ) .  
( 6 )  Kornyathy, J. C., Malloy, F., E l v i n g ,  P. J. , Anal. Chem. ,  2, 431 

(7) Pennman, R. A., Audr ie th ,  L. F., m, 2 0 ,  1058 (1948) .  

The d i s u b s t i t u t e d  h y d r a z i d e ,  
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Table I 
POLAROGRAPHIC VALUES FOR SUBSTITUTED HYDRAZINES I N  0.15 NaOH. 

v.a Compound -* 1/2 

Hydrazine 
Monome thylhydr az ine  
- n-Propyl hydrazine 
- n-Hexyl hydrazine 
1, I-Dimethyl hydrazine 
1,2-Dimethyl hydrazine 
1,Z-Diisobutyl hydrazine 
Phenyl hydrazine 
A c e  t i c  hydrazide 
Diacetyl hydrazine 

0.5475 
0.6344 
0.6891 
0.7907 
0 . 6944 
0.7566 
0.7516 
0.6185 

0.6978 

- 

7 04 
t 8.0 

1 6.0 
1.7 
4 .4 
2.7 
4.5 
4.9 
7.1 - 

a saturated mercurous s u l f a t e  electrode. 
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Figure 1 

Figure 2 

\ 
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Voltammetric and Emf Measurements on the  Nickel-Nickel(I1) 

Couple i n  Molten Fluorides" 

D.  L. Mannin& Gleb Mamantov," H. W. Jenkins** 

Analyt ical  Chemistry Divis ion 
O a k  Ridge National Laboratory 

Oak Ridge, Tennessee alnd 
**Chemistry Department, University of Tennessek, 

Knoxville, Tennessee . 

m e n s i v e  e l e c t r  che i c a l  inves t iga t ions  have been reported f o r  molten salt sys- 
t e m s  i n  recent  year^.?^-^^ From such work, valuable ins ight  has been gained in to  the  
behavior of e lec t roac t ive  cons t i tuents  i n  molten chlor ide and n i t r a t e  systems, and t o  
a lesser degree, sulfate and phosphate mel ts .  
of molten f luor ides  has been inves t iga ted  l e a s t  of a l l .  The most probable reason f o r  
t h i s  lack  of i n t e r e s t  i s  t h e  i n a b i l i t y  t o  use (on a long term bas i s )  g lass  or quartz 
as insu la to r s  and conta iner  materials. 

Laboratory due t o  t h e i r  appl ica t ion  a s  reac tor  f u e l s .  As a r e su l t ,  considerable re -  
search i s  being conducted t o  character ize  t o  a g r e a t e r  ex ten t  t h i s  c lass  of molten 
salt systems. 
with the  hope of adapt ing such techniques t o  in - l ine  methods of ana lys i s ;  t h i s  paper 
is concerned with the  appl ica t ion  of cont ro l led-poten t ia l  voltammetry and FZnf measure- 
ments t o  the  study of t h e  N i / N i + 2  couple i n  molten LiF-NaF-KF (46.5-11.5-42 mole $) 
and LiF-BeF2-ZrF4 (65.6-29.4-5.0 mole $) . 
f l u o r i d e s  as a corrosion product.  

volume, i s  contained i n  a graphi te  c e l l  (-2" d i a  x 4" long) which is then enclosed 
i n  a quartz  jacket t o  maintain a vacuum o r  control led atmosphere. 
type electrodes a re  i n s e r t e d  i n t o  t h e  melt  through the  Swagelok compression f i t t i n g s  
which are located on the  cap of t h e  quartz enclosure. 
it i s  inser ted  i n t o  a porous graphi te  o r  t h i n  walled boron n i t r i d e  inner  compartment 
of t he  c e l l .  Usually t h e  melt i s  maintained i n  an i n e r t  atmosphere. Provisions a re  
made, however, t o  evacuate t h e  c e l l  whenever necessary.  Disassembly of t he  ce l l ,  s a l t  
addi t ions,  e t c .  are always performed i n  a dry  box. 

currents  t o  5 mill iamperes and t o  produce r a t e s  of voltage scan from 0.05 t o  10 vol t s  
per  minute was used f o r  t h e  voltammetric measurements. 
g raphi te  ind ica tor  e lec t rode  is measured versus a platinum quasi-reference electrode 
because at the time of t h e  voltammetric work we d i d  not  have a p r a c t i c a l  reference 
e lec t rode  f o r  molten f l u o r i d e  systems. 

both d i f fus ion  and convection. 
rates (-50 m.v. per  min.) with the  r e s u l t  t h a t  t h e  current-vol tage curves at s ta t ion-  
a r y  e lec t rodes  are s-shaped. Such curves are a n a l y t i c a l l y  useful, however, because 
the  l i m i t i n g  current  i s  usua l ly  proport ional  t o  t h e  concentration of e lec t roac t ive  
species, bu t  they are d i f f i c u l t  o r  impossible t o  i n t e r p r e t  t heo re t i ca l ly .  

TO minimize convection and achieve condi t ions where d i f f u s i o n  i s  predominant, t he  
current-voltage curves w e r e  recorded a t  scan r a t e s  of 1 t o  10 vo l t s  per minute. 
curves a r e  shown i n  Figure 1; i n  general, peak-shaped curves were obtained. 

The equation f o r  t h e  peals current, ip, f o r  t h e  revers ib le  deposi t ion of an in -  
soluble  substance a t  500°C is ip = 2.28 x 105n3/2AD1/2Cv112 where ip i s  peak current, 
paJ n - e lec t ron  change, A - electrode area, cm2, D - d i f f u s i o n  coef f ic ien t ,  C - con- 
cent ra t ion  of d i f fus ion  species ,  ntj and v is vol tage scan, vo l t s  per sec. P lo ts  of 
i p  versus v1/2 f3r n i c k e l  were l i n e a r  at temperatures of 500, 570 and 60OoC. Tbe 
di f fus ion  coef f ic ien t  as ca lcu la ted  from t h e  slope of t he  l i n e  a t  500°C i s  approxi- 
mately U O "  cm2/sec. 

It appears t h a t  t h e  electrochemistry 

I n t e r e s t  i n  molten f l u o r i d e s  has  increased immensely a t  the  Oak Ridge National 

We are engaged i n  e l e c t r o a n a l y t i c a l  measurements i n  molten f luor ides  

Nickel i s  usua l ly  encountered i n  molten 

For t h e  cont ro l led-poten t ia l  voltammetric studies, t h e  molten f luoride,  .., 40 m l  

The s ta t ionary  d i p  

To i s o l a t e  t he  counter electrod 

A cont ro l led-poten t ia l  voltammeter, ORNL Model Q-1988, modified t o  measure c e l l  

The p o t e n t i a l  of t he  pyrolyt ic  

I n  high-temperature melts, t he  t ranspor t  process t o  the  electrode i s  governed by 
Convection i s  predominant at r e l a t i v e l y  slow scan 

Such 

From p l o t s  of l o g  D v8 I j T ,  and t h e  equation 

i 

I 

I 

/ 

I 
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log  D = -E/e.j Hc + log A, an a c t i v a t i o n  energy (E) of about 18 k cal/mole w a s  calcu- 
l a t e d  for  t h e  reduction of n icke l  i n  molten LiF-NaF-KF. 

i n  t h e  molten s t a t e  was demonstrated from t h e  l i n e a r  dependence of ip on n icke l  con- 
cent ra t ion  Over the  range s tudied,  < .e .  approximately 10 t o  80 ppm. 

t r a t i o n  type c e l l s  i n  molter. f l u o r i d e s  t o  check f o r  Nernstian r e v e r s i b i l i t y  and t o  
ascer ta in  the  f e a s i b i l i t y  of u t i l i z i n g  t h e  N i  / N i + 2  couple as a high-t)emperature refer- 

) ence electrode f o r  f l u o r i  e systems. The approach i s  similar i n  pr inc ip le  t o  u t i l i z a -  
t i o n  b:i Lai t inen and Liu($) of the  Pt,/Pt+2 couple as a reference e lec t rode  i n  molten 
chlor ides .  

E s s e n t i a l l y  it i s  
a small vacuum d r y  box (24" long, 20" deep and 15" high)  which i s  o u t f i t t e d  with a 
furnace, vacuum and control led atmosphere f a c i l i t i e s  and a moisture monitor. Utmost 
care i s  exercised t o  p r o t e c t  the  molten f l u o r i d e s  from moisture contamination because 
of t h e  a f f i n i t y  of t h e  molten f l u o r i d e s  t o  moisture and the  r e s u l t a n t  p r e c i p i t a t i o n  

The a n a l y t i c a l  u t i l i t y  of t h e  voltammetric approach t o  t h e  determination of n i c k e l  \ 

) 

L ,  
I Electromotive force measuremenzs were c a r r i e d  out on t h e  N i / N i + 2  couple i n  concen- 

The apparatus used t o  contain t h e  melt i s  shown i n  Figure 2.  

' of oxides.  
' The melt (-400 m l )  is contained i n  a graphi te  c e l l .  

platinum stirrer, Pt-1% Rh thermocouple and the inner  e lec t rode  compartment a r e  
' posi t ioned i n  t h e  melt. The inner compartment of t h e  c e l l  i s  shown i n  Figure 4. It 

cons is t s  of a thin-walled boron n i t r i d e  compartment which contains  t h e  same f l u o r i d e  
\ melt and a f ixed  concentration of dissolved NiF2. 

t h i s  compartmenz. Hot pressed boron n i t r i d e  i s  an i n s u l a t o r  i n  molten f l u o r i d e s  b u t  
\\ i s  slowly penetrated b y  them. A s  a result of  th i s  e f f e c t ,  BN can be u t i l i z e d  t o  

separate  t h e  two h a l f - c e l l s  and ye t  achieve e l e c t r i c a l  contact because such contact  
i s  made when t h e  BN becomes wetted by the melt. For molten LiF-NaF-KF, penetrat ion 
of t h e  BN ( l /32"  w a l l  th ickness)  occurs within a day o r  so; however, it i s  much slower 

the EN t o  drop t o  -1000 ohms o r  l e s s .  

t ion ,  measurements were made and a sample withdrawn f o r  n icke l  ana lys i s .  From t h e  
e q u a t i o n a  E = RT12.3 nF l o g  X I / X p  and p l o t s  of A E versus l o g  XNi, as shown i n  
Figure 5, it was demonstrated t h a t  t h e  n icke l  system exhibits reasonable Nernstian 
behavior a t  500°C. 
mole f r a c t i o n .  From t h e  s tandpoint  of Nernstian r e v e r s i b i l i t y ,  t h e  n i c k e l  couple 
appears t o  be a good choice f o r  a reference e lec t rode  i n  molten f luor ides .  

S t a b i l i t y  s t u d i e s  conducted so f a r  a r e  encouraging. 
LiF-NaF-KF, t h e  Emf remained constant t o  within f 2 mv over a two-week period. 
s tudies  are continuing and longer  s t a b i l i t y  t e s t s  are planned. 

A schematic diagram of t h e  c e l l  and furnace assembly i s  shown i n  Figure 3 .  
A s p i r a l  n i c k e l  e lectrode,  

A n i c k e l  e lec t rode  i s  inser ted  i n t o  

' f o r  LiF-BeF2-ZrF4 melts .  

\\ 

Approximately a week i s  required f o r  t h e  r e s i s t a n c e  through 

With s t i r r i n g ,  weighed por t ions  of NiF2 were added t o  the m e l t .  After each addi-  

The concentration of n icke l  var ied from approximately 10-5 t o  lom3 

For a run i n  molten 
These 

I 
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Exchange Current Measurements on t h e  Nickel-Nickel(I1) 
Couple i n  Molten Fluorides* 

** ** 
Gleb Mamantov, H. W. Jenkins ,  D ,  L. Manning 

**Chemistry Department, Univers i ty  of Tennessee, 
Knoxvil le ,  Tennessee 

and 
Analy t ica l  Chemistry- Divis ion 
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We have been concerned with the  development of a p r a c t i c a l  re fe rence  e lec t rode  f o r  
molten f l u o r i d e  compositions of importance i n  nuc lear  technology.(') In t h e  course of 
t h i s  work it becme d e s i r a b l e  t o  obta in  an a d d i t i o n a l  q u a n t i t a t i v e  measure of t h e  rever-  
s i b i l i t y  of t h e  e l e  t ode process N i ( I 1 )  + 2e # N i .  I t  was decided t o  use one of  t h e  ' re laxa t ion  methods J 2 $  s ince  a f a s t  charge- t ransfer  was expected on t h e  b a s i s  of ava i l -  
able  d a t a  on e lec t rode  k i n e t i c s  i n  o ther  molten s a l t  solvents . (3)  

\ method o f  V i e l s t i c h  
ins t runenta t ion .  

! k i n e t i c  parameters i n  molten s a l t s , c 5 )  although t h e  r e s u l t s  obtained i n  t h a t  work have 
been quest ioned recent ly . (6)  
(Hal l  p rocess ,  uses i n  nuclear  technology a s  i n  t h e  molten s a l t  and t h e  ' f l u o r i d e  v o l a t i l i t y  process!8) t h e  p l a t i n g  of r e f r a c t o r y  meta ls (9) )  however, r e l a t i v e 1  
few e l e c t r o d e  processes have been s tudied i n  t h e s e  mel t s  ( f o r  a p a r t i a l  summary see( lOjr ) .  
To our knowledge, the present  work is t h e  f i r s t  attempt t o  apply a r e l a x a t i o n  method t o  

The vol tage-s tep 
and D e l a h a ~ ( ~ )  was se lec ted  pr imar i ly  due t o  t h e  s i m p l i c i t y  of 

This  method has been employed previously f o r  the  determinat ion of 

Molten f l u o r i d e s  a re  of g r e a t  technological  importance 

\ the  s tudy of  a charge t r a n s f e r  process i n  molten f luor ides .  

'\ Experimental 
? 

+2 \ To da te  t h e  k i n e t i c s  of t h e  N i  + 2e e N i  process  have been s t u d i e d  i n  molten 

I 42  mole %) a r e  i n  progress. The melt i s  contained i n  a graphi te  c r u c i b l e  enclosed i n  a 
The experimental arrangement has been d e s c r i b e d . ( l )  

cm.2) sheathed i n  

LiF-BeFZ-ZrF4 (65.629.4-5.0 mole 9.1 a t  497.C. 

dry  box equipped w i t h  a furnace. 
T h e  working e l e c t r o d e  i n  t h i s  work w a s  a n i c k e l  rod ( A  = 7.5 x 
hot-pressed boron n i t r i d e .  The wal l s  of t h e  BN sheath were s u f f i c i e n t l y  t h i c k  (> 1/8"), 

Measurements i n  LiF-NaF-KF (46.5-11.5- 

i SO t h a t  no penet ra t ion  by t h e  m e l t  was observed during t h e  dura t ion  of t h e  experiment. 
( The counter  e l e c t r o d e  was a l a r g e  n i c k e l  s p i r a l .  The Ni(I1)  concent ra t ion  i n  t h e  melt ' was determined by chemical ana lys i s .  

The c i r c u i t  f o r  t h e  vol tage  s t e p  method i s  e s s e n t i a l l y  t h a t  of L a i t i n e n ,  Tischer  and 
TWO mercury r e l a y s  (Clare HG 1002) were used t o  make sure  t h a t  t h e  shor t  c i r c u i t  

I 
' Roe.(5) 
' betveen t h e  e lec t rodes  is  broken before  applying t h e  vol tage  s tep(usua l1y  4 mv.). The 

0 of t h e  mercury re lays .  The s i g n a l  across  t h e  prec is ion  measuring r e s i s t o r  ( 1 ,  5 ,  or 10 
~ 

osc i l loscope  (Tektronix 5356) i s  t r i g g e r e d  by t h e  s igna l  obtained across  t h e  c o i l  of one 

ohms) was fed d i r e c t l y  i n t o  t h e  plug-in a m p l i f i e r  (Type D o r  Type CAI of t h e  osci l loscope.  

Resul ts  and Discussion 

The experimental current-time curve ( t o t a l  c u r r e n t ,  IT) ,and o ther  ca lcu la ted  o r  

m o l e s / l i t e r  a re  shown i n  Fig. 1. We have followed t h e  procedure used by L a i t i n e n ,  
ex t rapola ted  cur ren t  funct ions descr ibed below, f o r  t h e  Ni(I1) concentrat ion of 9 .8  x 

Tischer  and Roe,(5) except t h a t  t h e  charging c u r r e n t ,  IcH, curve was obtained by the 
e x t r a p o l a t i o n  of t h e  i n i t i a l  c u r r e n t  values according t o  t h e  equat ion ,  

' 

V t = - exp (- 7 ) ,  
% d.1. 

I 

h 
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where RT i s  the  t o t a l  r e s i s t a n c e  i n  t h e  C i r c u i t  and Cd.1, is  t h e  d i f f e r e n t i a l  double 
l a p r  capaci ty .  ' 
w i t h  a r e s i s t o r  was used previously(') i n  molten salts. We have found t h a t  t h e  i n i t i a l  
cur ren t  values when p l o t t e d  a g a i n s t  time on semilog paper r e s u l t  i n  a good l i n e a r  p l o t ;  
% values ,  ca lcu la ted  from t h e  i n t e r c e p t ,  are of expected magnitude. Values of cd I., 
ca lcu la ted  from t h e  s lope  and t h e  est imated geometr ical  a rea  of t h e  working e l e c t r & e .  
ranged from 186 

boron n i t r i d e  sheath as vel1 as  t h e  melt. I t  was found t h a t  t h e  
presence of boron n i t r i d e  d e f i n i t e l y  increases  t h e  double l a y e r  capaci ty .  
experiments with unsheathed t h i n  wfre n i c k e l  e l e c t r o d e s  a r e  i n  progress. 
descr ibed above f o r  t h e  c a l c u l a t i o n  of I 
w i t h  time. Also ahovn i n  Fig. 1 is t h e  E f f e r e n c e  of IT and I a ,  which i s  t h e  current  
due t o  t h e  fa rada ic  process  (ne t  f a r a d a i c  c u r r a n t ) .  The p l o t  of t h e  n e t  fa rada ic  
cur ren t  vs. t1I2 is shown i n  t h e  bottom h a l f  of Fig. 1. Simi lar ly  t o  Lai t fnen et .  e l . ,  
we have ex t rapola ted  t h e  l i n e a r  p o r t i o n  t o  zero tima and then t r a n s f e r r e d  t h e  extrapola  
t i o n  t o  t h e  top graph. The procedure f o r  t h e  s e l e c t i o n  of t h e  "ef fec t ive  zero  time" wa 
t h e  same as used by L a i t i n e n  e t .  d5) 
from t h e  value of c u r r e n t  a t  t h e  "ef fec t ive  zero time" using equat ion (2) i n  reference 
(5). Attempts t o  apply  t h e  c o r r e c t i o n s  suggested by Oldham and Oeteryoung,(6) rasu l ted  
i n  continuously i n c r e a s i n g  va lues  of  t h e  exchange cur ren t  d e n s i t y ,  although our d a t a  
obeyed t h e  criteria (equat ions  (17) and (19) re ference  (6) )  proposed by Oldham and 
OSteryoung(6) f o r  t h e  Rresence of k i n e t i c  information. It i s  f e l t ,  t h e r e f o r e ,  t h a t  tha 
va lues  of  io shown i n  Table  1, represent  t h e  lower limits of io at  reepec t ive  concentra 
t ione .  

This  convent ional  e u a t i o n  f o r  t h e  charging of a capac i tor  i n  s e r i e s  

t o  3 1 4 / u F / ~ m . ~ .  The double layer capac i ty  ihcreased w i t h  time. 
been caused by adsorpt ion of impur i t ies ,  d i f f u s i n g  from t h e  

Additional 
The method 

took i n t o  account t h e  v a r i a t i o n  of Cd.1. 

The exchange cur ren t  d e n s i t y  waa ca lcu la ted  

Table I 

Exchange Current  f o r  NIRPI( I1)  i n  LiF-BeP2-2rF4 
(65.629.4-5.0 mole 'XI at  497.C 

2 
Concentrat ion of  io pmP./cm 
N i ( I I ) ,  m o l e s / l i t e t  

-2  
0.982 x 10 

1.42 x 
1.75 x 1 0 l z  
2.07 x 10 

1.18 x lo-, 
7.30 x 10I2  2 

8.32 x 10 
8.75 x 10I2 

11.5 x 
12.8 x 10 

From t h e  p l o t  of  l o g  io ve. l o g  N i ( I 1 )  (Pig. 21, t h e  t r m 8 f e r  c a f f i c i e n t  a wan 
c a l c u l a t e d  ae 0.23 ( t h e  elope is 1 - a).  The s tandard rate conr tan t  Ito, was found t o  ' 

I bo approximately 5.2 x cm/sec. using t h e  r e l a t i o n r h i p  io = nR°C*;~:II) . 
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A Quantitative Study of Desorption in the Zinc(I1)-Thiocyanate System 
R. A. Osteryoung and J. H. Christie 

North American Aviation Science Canter, Thousand Oaks, California, 91360 

Chronocoulometric studies had indicated that Zn(II), adsorbed at the 
Hg-solution interface in thiocyanate solutions, desorbs. as the potential 
from which the experiment is initiated is made progressively more cathodic. 
As it was recognized that this "desorption effect" could have An appreciable 
effect on adsorption studies as carried out, for instance, by chronopotentio- 
metric means, an effort was made to study this desorption quantitatively. 

The amount of Zn(I1) adsorbed in thiocyanate solutions decreases rather 
linearly as the initial potential in a chronocouloeetric experiment is made 

1 more cathodic, until, at about -850 mV E. SCE, there is no adsorbed Zn(I1). 
2 Biased chronopotentiometric measurements yield qualitatively similar results. 

An initial potential can therefore be chosen at which a large amountofZn(I1) 
is adsorbed and complete desorption can he obtained just prior to the Zn(I1) 
reduction wave (at about -1.0 V). 

an oxidant 0 is adsorbed to the extent of r eoles/cm 
stepped to a potential E , at which the species 0 daaorb8. Only 0 is ini- 
tially present in the solution and E is such that no-faradaic current flows. 
We assume that the desorption is instantaneous and is complete. After atime, 
i, the potential is atepped to E2, at which the reaction 

takes place at ita diffusion limited rate.3 
t > a  is given by 1 

Chronocouloeetry. An electrode, at an initial sotential, E at whjch 
or nFr couPkbe/cm , is 

O + n e - d  (1) 

The charge-time behavior for 

where ICo is the bulk concentration of 0 and Aq 
charging the double layer from E 
electrochemical significance. 
in Figure la. If a = 0, Equation 2 redu e to the familiar chronocoulometric 
equation for the presence of adaorption. 

is the charge consumed in 
to E2. The o?ger symbols have their usu81 

Tge E-t function and a Q-t response are shown 

B ,e 

Qualitatively, the longer the time, a, that the el ctrode potential is at E l ,  
the greater the curvature in a plot of Q x .  (t-a) . 

Chronopotentiometry. An electrode, biased at E , at which the species 0 
is adsorbed, has impresaed on it a constant current gensity, i . 
assumed that desorption takes place linearly with time in the aouble layer 
charging region, that desorption is complete prior to any faradaic reaction 
occurring, and that the faradaic reaction starts immediately upon completion 
of the desorption. (Only one chronopotentiometric wave is obaerved.) The 
resulting i - 7  behavior is given by 

a 
It is 

(4) 
where 5 is the length of tire taken for desorption and 7 is the time from the 
start of the experiment to the transition time. If we identify 2 with the 
time spent in the double layer charging region, thon a << T and Equ8tion 4 
become8 

i T = harpm 'CJT + HnPr ( 5 )  
0 

This equation is the same, except fof the factor of % in the second term On 
the right, as that derived by Lorenz for the case in which a constapt frac- 
tion of the applied current is consumed by reaction of the adsorbed speciesr 
the "conatant current efficiency" model. 
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Sweep-Step Chronocoulometry. A p o t e n t i a l  sweep i s a p p l i e d  from p o t e n t i a l  

Eo t o  E l l  f o l l o w e d b y a  s t e p  from E T h i s r o u t i r y w a s  p r e v i o u s l y  u s e d  
t o  d e m o n s t r a t e  t h e  e x i s t e n c e  o f  t h e  d e s o r p t i o n  e f f e c t .  Weassume t h a t  t h e  
d e s o r p t i o n  t a k e s  p l a c e  l i n e a r l y  w i t h  p o t e n t i a l  (or t i m e )  i n t h e  r e g i o n  E -E 
and t h a t  t h e  d e s o r p t i o n  i s  j u s t  c o m p l e t e  a t  E when t h e  s t e p  t o E 2  is appyiea .  
The Q-t b e h a v i o r  is t h e n  g i v e n  by 

t o  E2. 
1 

1 

where 5 i s . t h e  sweep t i m e  from E t o  E . The E-t f u n c t i o n  and a 4- t  r e s p o n s e  
are shown i n  F i g u r e  I b .  
metric Equat ion  3. 

0 I f  5 is zero: E q u a t i o n  6 becomes t h e  chronocoulo-  

Exper imenta l  
P o t e n t i a l  s t e p  c h r o n o c o u l o m e t r i c  measurements w e r e  c a r r i e d  o u t  w i t h  t h e  : mult i -channel  a n a l y z e r  d a t a  a c q u i s i t i o n  sys tem p r e v i o u s l y  d e s c r i b e d . 6  Eo for 

' as -1400 m V z .  
? SCE. 

\\ 

1 mated t h e  r e l a t i v e  e r r o r  i n  t h e  t r a n s i t i o n  t i m e  d e t e r m i n a t i o n  t o  b e  f 5$. 

4 

' 

' 

t h e s e e x p e r i m e n t s w a s  chosen as -300 mV, El as -900 mV,  and E 

The c h r o n o p o t e n t i o m e t r i c  d a t a  were a n a l y z e d  a c c o r d i n g  t o  t h e  "reacts 
f i r s t , "  t h e l l c o n s t a n t  c u r r e n t  e f f i c i e n c y , "  t h e  "reacts last" ( L o r e n z )  , and t 
t h e  " e q u i l i b r i u m - l i n e a r  isotherrp" models  u s i n g  t h e  weighted  l e a s t - s q u a r e s  
p r o c e d u r e  d e s c r i b e d  by Lingane.  For t h e  purpose  o f  t h i s  a n a l y s i s ,  w e e s t i -  

The 
a n a l y s i s  a c c o r d i n g  t o  t h e  " r e a c t s  l a s t "  model f a i l e d  t o  converge .  

The p o t e n t i a l  sweep-s tep  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u s i n g  a n  updated  
v e r s i o n  of  a mul t i -purpose  e l e c t r o c h e m i c a l  ins t rument .8  The i n i t i a l  poten-  
t i a l ,  Eo, w a s  a g a i n  chosen  t o  be  -300 mV. 
t h a t  the  sweep w a s  h a l t e d  when a p r e s e t  p o t e n t i a l  (-900 m V )  w a s r e a c h e d a n d  a 
s t e p  t o  -1400 mV was t h e n a p p l i e d  t o  t h e  e l e c t r o d e .  S w e e p r a t e s o f  10 t o  100 
v o l t s / s e c o n d  were used .  The data w e r e  r e c o r d e d o n  t h e  multi-channel analyzer. 

d i s t i l l e d  w a t e r .  

d r o p  e l e c t r o d e  w a s  used.  The e l e c t r o d e  a r e a  w a s  0.032 c m  . A l l  p o t e n t i a l s  
w e r e  measured,  and are r e p o r t e d ,  w i t h  r e s p e c t  t o  t h e  s a t u r a t e d  c a l o m e l  
e l e c t r o d e  (SCE). 

The i n s t r u m e n t  w a s  a d j u s t e d  so 

A l l  s o l u t i o n s  were p r e p a r e d  from r e a g e n t  g r a d e  materials u s i n g  t r i p l y  

A commercial ly  a v a i l a b l e  (Brinkman I n s t r u m e n t s ,  1nc .a  hanging  mercury 

R e s u l t s  
The v a l u e s  of  n F r ,  D , a n d  Aq e s t i m a t e d  by f i t t i n g  t h e  e x p e r i m e n t a l  

c h r o n o c o u l o m e t r i c  d a t a  t o  g q u a t i o n  %:'are shown i n  T a b l e  1. The r e s u l t s  seem 
' t o  b e  l i t t l e  a f f e c t e d  by v a r i a t i o n  i n  t h e  d e l a y  t i m e ,  5. T h e v a l u e s o f  t h e  

d i t  u a i  n c o e f f i c i e n t  are smaller t h a n  t h e  i n f i n i t e  d i l u t i o n  v a l u e  of  7.2 x , 10 cm /sec,  but  t h e y  a r e  t h e  same as t h e  d i f f u s i o n  c o e f f i c i a n t o f C d ( I 1 )  i n  
one formal  s u p p o r t i n g  e l e c t r o l y t e .  The i n f i n i  e d ' l u t i o n  v a l u e  f o r  t h e  d i f -  

\ f u s i o n  c o e f f i c i e n t  of Cd(1I)  i s  a lso 7.2 x 10 cm /sec. 
The v a  u e s  of  nFT shown in T a b l e  1 are i n  good agreement  w i t h  t h e  v a l u e  ' o f  31 wC/cml de te rmined  i n  t h e  same s o l u t i o n  by double  p o t e n t i a l  s t e p  chrono-  

coulometry .  
The v a l u e s  of & s own in T a b l e  1 are i n  good agreement  w i t h  t h e  

-6 9 
-8  h 

a 
B 

~ t lblankl l  v a l u e  o f  4 3  p y c m  measured i n  t h e  a b s e n c e  o f  Z n ( I I )  and  w i t h  t h e  
d e t e r m i n e d  by double  p o t e n t i a l  s t e p  chronocoulometry. '  

1:' 
v a l u e  o f  31 pC/cm 
f u r t h e r  check on hO2 may be made by u s i n g  t h e  r e l a t i o n s h i p  

S i n c e  no f a r a d a i c  c u r r e n t  f l o w s  a t  E 1 l  69 

E , a c h r o n o c o u l o m e t r i c  p l o t  ( Q  z.t ) f o r  a p o t e n t i a l  s t e p  from E 

c m  , r e s p e c t i v e l y )  i s  i n  good agreement  w i t h  t h e  v a l u e s  o f  Aq shown i n  
T a b l e  1. 

A 

(7) 
h 0 2  = 0901 + h 1 2  

w i l l  be  t h e  s t e p  change  i n c h a r g e  
' when t h e  p o t e n t i a l  i s  s t e p p e d  from E & t o  e:; s i n c e  Z n ( I 1 )  is n o t  a d s o r b e d  a t  
,, t o  E2 

1 wf 1 have an i n t e r c e p t  Aq12. The sum o f  t h e s e  two v a l u e s  (25.3 a n a  9.3 pC/ 

02 
4 
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P l g u r o  2 mhowm plo t .  of Q '. ( t - a )  
(Tho doublo layor c h a r g i n g  c o n t r i b u t i o n  ham boon romorod by m u b t r a c t i n g  t h o  
a p p r o p r i a t o  r a l u o  of & from t h o  data  for a l l  oxporimontm. S i n c e ,  for a 
g l v o n  r a l u o  of ( t - a ) ,  l & m  of t h o  domorbod u t o r i a l  i m  recovorod  t h o  longor 
i t  had t o  d i f fumo away from t h o  o l o c t r o d o ,  t h o r o  is a downward t r o n d  am t h o  
d o l a y  t l m o ,  a, 1s lncroamod. 

data w i t h  t h o  prodlc t ionm of S q u a t i o n  6 wam mado. I n  o r d o r  t o  mhow tho 
c r p u l m o n  am cloarly am pommiblo, t h o  q u a n t i t y  p l o t t o d  warn t h o v a l u o o f  t h e  
t o r i  10 Bqur) ios  6 duo t o  t h o  domorbod u t o r i a l ,  d r ( l  + ( 2 / m ) [ J ? ?  - ( t / a )  ala- m]). 
t h o  ra r loum valuom of 2. 
d a t a  by s u b t r a c t i n g  & and t h o  r a l u o  of Q ( t )  ( a t  t - t - a )  f o r  a d l r o c t  
mtop from -900 to  -1c081mV from t h o  corrompoadlag r a l u o  of Q ( t  > a) for t h o  
mvoop-mtop C o l b l M t i O n .  

e H for ra r ioum dolay  timom a t  -900 mV. 

I 
A mlmilar comparlmon of t h o  ospor imonta l  mwoop-mtop chronocoulomotr ic  

Tho cumom woro e a l c u l a t o d  uming m = 33 yC/cr and 
Tho polntm woro c a l c u l a t o d  from t h o  oxporimontal  

h 0 1  

h 8 m  of tho dosorbod matorial i m  r o c o v u o d ,  for a g l r o n  r a l u o  of ( t - a ) ,  t h o  
l u g o r  t h o  r a l u o  of =. 
tho r o m l t m  of t h o  mnalymim of t h o  data a c c o r d i n g  t o  t h o  r u l o u m  chrono- 
potomt lomotr ic  modols. 

Agroomont botvoom tboory  and u p o r i m o n t  w a m  good. 
Tho c h r o s o p o t o n t l a o t r i c  romultm aro g l v o n  ira T a b l e  3 which p r e o e a t o  

,Y v 
Di8comsion 

Tho aood f l t  of t h o  chronocoulomotr lc  d a t a  t o  Kauat ion 2 ( c f .  Tablo 1) 
imdica tom-tha t  t h o  domorpt ion i 8  r a p i d  and  18 comploto whom t h o  p o t o n t l a l  l m  
8topp.d  t o  -Po0 mV. Thim warn oxprc tod  mlnco admorpt ioa o q u i l i b r i u m  is 
g o n u a 1 1 y  a t t a i s o d  at t h o  d i f f u m i o a  l i m i t 0 6  rat. m d  no Za(I1) l m  admorbod 
at o q u i l i b r l u m  a t  -900 mV. 

Tho ammumptioa of a l l n u r  domorption botwoon -300 and -900 mV i n  t h o  
mwoop-mtop o x p a i m m t m  wam lomm roll oboyod. Norortholomm, t h o  f a c t  t h a t  
t h o  u p . r i m o n t a 1  data i m  p r o d l c t o d  m o d - q u a n t i t a t l r o l y  by Bquat lon  6 
indicator t h a t  t h o  domorpt ion i m  a p p r o x l u t o l y  l l n o a r  i n  tlmo. 

c u r r o n t  e ~ f f l c l o n c y ~  modo1 giro. on.-half of t h o  chronocoulomotr ic  valuo for 
nlr, b u t  t h o  data aro n o t  m u f f l c i o n t l y  precimo t o  allow U D  t o  may that t h o  
data f i t 8  thlm modo1 b o t t o r  t h a n  any of t h o  otborm. 

motry for t h o  q u a n t i t a t l r o  mtudy of rdmorpt ion ,  minco i t  both  i l l u m t r a  om 
tho mood for largo amount. of p.ocimo data,  am p o l n t o d  o u t  by Llngano,' and 
i t  domoamtratom t h a t  t h o r o  i m  y o t  bnothor  pommiblo biam, 1 . 0 . ~  domorptlon, 
which noodm to bo commldorod. 

RTOa though t h o  Z n ( I I ) - t h l o c y a n a t o  mymtn  i m  unumual, i n  t h a t  complOt0 
domorpt ioa l m  o b t a l n o d  b o f o r o  t h o  f a r a d a i c  r o a c t l o n  mtartm, domorption, 
or rdmorpt ion,  1s t h o  doublo  layor c h a r g l n g  r e g i o n  N.t a f f o c t ,  t o  a g r o a t o r  
or Iomsor u t o m t ,  t h o  r a l u o  on a?T dotorminod by f i t t i n g  t h o  data to any 
C h r o m o p a t o b t i o ~ o t r i c  a d o 1  r a d  i s r r l i d ~ t o  amy conclumlon about  t h o  
mocbrs imm of t h o  roactloa of t h o  adsorbod u t o r l r l .  Yo aro in accord  w i t h  
Lineu~o'm c o n c l u s i o n  t h a t  chroaopoton iomotry 18 of r o r y  l l m l t o d  r a l u o  for 

f 

' 

t h o  c h r o n o p o t o n t l o m o t r l c  romultm i n  T a b l e  2 mhov t h a t  t h o  "conmtant 

Thim work l m  f u r t h e r  o r i d o n c o  for t h o  u n r o l i a b i l i t y  of chronopotont lo-  , 
' 

, 

t h o  q U U I t i t a t i V 0  mtudy of admorption. + 
S p b o l m  on l i g .  2 and t h o  d o l a y  t i m o m  are: A, 0 (a mingle s t e p  from -300 , 

t o  -1400 mV) ;  0 ,  0.b125 mmoc; 0 ,  6.600 m m e c i  , 52.8 mmoc; , 9, 1 . 0 . 9  

minglo mtop from -900 to  -1100 mV. 
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Table 1: Results of Analysis of Chronocoulometric Data According 

1.0 m F  Zn(N0 ) in 0.5 F NaSCN * 0.5 F NaNO 
to Equation 2. 

3 3 2  

Delay Time 

e sec 

0.4125 

i.6500 

3.3000 

6.6000 

13.2000 

26.4000 

52.8000 

6 D x 10 

cm2/sec 

6.2 
6.2 

6.1 

6.2 
6.1 

6.0 

6.4 
6.6 

6.4 

6.3 

6-5 
6.5 

6.3 
6.4 

nF r 
yC/cm2 

32.3 
33.4 
34.3 
35.5 
32.6 
36.2 
34.2 
33.0 
33.6 
33.3 
30.9 
31.9 
27-7 
27.1 

h02 
yC/cm2 

37.5 
37.5 
37.1 
37.2 
35,. 3 
35.1 
35.9 
35-2 
35.9 
35.0 
36.0 
35.5 
34.9 
34.2 

Table 2: Results of Analysis of Chronopotentiometric Data 
According to Various Uodels 

3 1.0 mF Zn(N03)2 in 0.5 F NaSCN 0.5 F NaNO 

Uodel - 
"reacts first" 
"reacts last" 
"constant cur e t 

Ifreacts last" 
( Lor enz 1 

"equi 1 ibrium-1 inear 
isotherm" 

efficiency" faP 

x2/N - 3 6 nF r D x 10 

uC/cm 2 c m  /sec 
2 

28.8 7.6 0.86 
failed to converge 

17.0 7.4 0.76 

8.2 5.6 0.63 

19.8 7.4 0.80 

( a )  Equation 5 predicts fit to "constant current efficiency" model with 
nFr equal to one-half the true value. 
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Introduction 
Recent discussions (2,3,4) of the measurement of adsorption of ions 

at the mercury-water interface have suggested that discrepancies exist be- 
tween the two principal methods of obtaining these results:  electrocapillary 
measurements and capacity measurements. It has  been suggested that some 
of the discrepancies a r e  due to inevitable inaccuracies in the computation of 
data by the different routes and that some arise from essential differences 
in  the quantities measured. 

In order to assess the situation, existing capacity data on KC1 (5) 
and KI (6), together with new data on KBr, are compared with electrocapillary 
data (7,8,9,10) with particular attention to the accuracy with which the r e -  
quired data can be obtained. 

q s u r e m e n t s  of the double laver capacitv of mercury in  aqueous 
KBr solution were made using the bri&e pre<iousiy described-(11). - The 
balance point was usually taken just after the eighth second on a drop whose 
total life was 10 - 1 2  seconds, but the capacity was  checked over the range 
between the 4th and 10th second to ensure independence of the drop age. Sim- 
ilar checks were made in the frequency range from 600 c/s to 3 kc/s. No 
frequency dependence was observed and measurements were made at 1 kc/s. 
Reproducibility of capacities within a given run was 0.05% while that from one 
run to another was 0.15%. The flow ra t e  of Hg (normally about 0.2 m s") 
was determined by collecting mercury over an accurately timed (1 kc/l5s tuning 
fork i dekatron scaler)  interval, drying and weighing. It remained constant 
within 0.2%. Thin-walled, tapering capillaries were drawn from 1 mm bore 
capillary tubing, selected by trial and siliconed by brief exposure to dichloro- 
dimethyl silane vapor followed by we t  nitrogen. The tip was then recut to 
ensure that the solution should wet the horizontal surface of the tip. The 
potential of the electrocapillary maximum was determined by the streaming 
electrode method (12) and was reproducible to 0. 5 mV. All potentials were 
measured using a Croydon type P3 potentiometer and a Pye "Scalamp" 1400 
L2 galvanometer. The reference electrode was a 0.1 M KC1 calomel electrode 
joined to a reservoir containing 0.1 M KBr. 
contact with the working solution of KBr, forming the junction in  a tap. Both 
these liquid junctions were stable and potentials were reproducible to 0.1 mV. 
Al l  measurements were made with the cell immersed in a water thermostat 
a t  25°C. Mercury was purified by a wet process followed by three distilla- 
tions in a Hulett still (13). Laboratory distilled water was redistilled from 
dilute alkaline permanganate in a still with special splash traps. BDH Analar 
KBr was dissolved in this  water. 
Results and Analysis 

Measurements were made of the capacity and potential of the electro- 
(1) At present Visiting Professor ,  Division of Chemistry and Chemical 
ineering, California Institute of Technology, Pasadena, California 91108. 

This solution was then put i n  
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capillary maximum at ten concentrations of KRr from 0.005 M to 5 M. 
The interfacial tension a t  the electrocagdllary maximum w a s  obtained by 
plotting the experimental values found by Gouy (7) and by Devanathan and 
Peries (9) as a function of log activity and interpolating. Small differences 
exist between the two se ts  of electrocapillary data but i t  is unlikely that 
errors exceed 0.2 dyn cm" at  concentrations below 1 M; a t  hi e r  concen- 
trations they may r i s e  to 0. 5 dyn cm'l. The capacity-potenti 3 curves were 
int at& with the aid of a computer (Elliott 503) using a program written 
in rpl but similar to that described previously (14) in the first  routine where 
values of the function t* = y + q& a r e  calculated. Here y is the interfacial 
ten8ion.q the charge on the metal and & the potential of the mercury electrode 
with respect to an electrode reversible to the cation (+ subscripts) or anion 
(- mbscripts). The new program further f i t 8  the pairs of values of I* and log 
activity at a given value of q to a paver  series by the method of least squares. 
The ionic surlace excesses are then calculated according to the appropriate 
form of the electrocapillary equation (15) 

( a t , / ~ ~ a i n d  lq = -ri = % / % e  
From the charge due to the cation, the rogram then uses Gouy-Chapman theory 
to calculate outer Helmholtz potential (&) and the char in the diffuse layer due 
to the anion. Finally the charge (qi)due to specificalgadsorbed anions and 
the potential h o p  (+ a*) across  the inner layer are computed. Some typical 
resulb are shown i n  Tables 1,2, and 3. 
Mscussion 

c i l l a ry?mes  measured by D e v a n a t K  and Peries  (9) is possible a t  0.01, Os, and 1 Bd Deviations between the two curve8 are never greater than 
1 dyn cnr l  in the range +24 to -18 bCcm-1 and more often of the order of 0.1 
dyn cm'l. Thue in this system there appears to be little doubt that the two 
met- of measurement are in  agreement within experimental error .  Similar 
conclusiom may be drawn from a comparison of the int al of Crahame's data 
(5,6) for 0.1 M a d  1 M KC1, 0.015 M, 0.1 M and 1 M r w i t h  electrocapillary 
resul ts  0,8.9,10). m e  int 
agrees well with electrocap3L-y data on 0.1 M N'&F obtained in Bristol by 
Dr. E. Dutkiewicz; emall divergencies occur 

Agreement in &lute z~oluMona of wewy adsorbed electrolytes is poorer, as 
already IXMXIUQ~@~ (14,4) with %PO, and Cl-. The appearance of the diffuse 
layer minimum in the capacity curve is an indication of crlnditions under which 
such derrgreement may be expected In the case of &PO,', where the dis- 
agreement is Israge, evidence WOB presented (14) rting the proposal that 
the electrwapillary data is in error under these c ~ o n s .  

Comparfson of charge-potential curve6 derived from the two types 
of measurement confirms that they are usually in good eement within the 
errore to be e x p c t e d  from graphical differentiation of ~ t r o c a p i l l a r y  curves . 
T U  recuracy will depend on the spncing of rimmtal points; 50 mV inter- 
vale have been u d  in recent studies (9,14,17 Comparison of the present 
results with those of Dcvanathan and Peries T (9 su s t s  that the general trend 
is in  good agreement a scatter oi 1 pc cm-fRindividua.l points is fairly 
frequent. At the far c end when the charge is geater than 20 PC cm'* 
and both the electrocapfllary curve and the capacity curve are very steep, the 
e r ro r8  may be much larger. Electrocapillary curves were ale0 differentiated 
using a computer following a procedure based on an unpublished suggestion bY 
D. C. Grahaxne. From the set o i y - E  winte a new se t  di points y-E waa com- 

rect comparison of the inte ated capacity curves with the electro- 

al of Crahame's capacity data for 0.1 M NaF 

on the anodic branch amountlng to 1.6 dyn cm-1 at  + l O K  cw*.  

Puted where  y = y + q*E, q* being a coiista~~t. The curve y-E n e  ha6 a mrudmum 1 

at the value of E for  which qr is the elope of the original v-E curve. T h e ,  by , 
repeating thie p r o c e d u e  a set of values of E corresponding to given values of 
q* may be found. The value of y at the mrudmnum of the y-E m e  is, of course, 

? 
/ 
4 

{ 
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the value of 4 corresponding to q* and the fact that the y-E curve has  a 
flat  maximum shows that 5 may be obtained with accuracy comparable to 

\ t he  original values of y .  In fact, the calculation of ( does not depend upon 
an accurate differentiation of the electrocapillary curve in contrast to the 

) remark of Devanathan and Til& (3). This procedure is thus excellent for 
converting from y to 5 but does not produce charge-potential curves of any 

' greater accuracy than those from graphical differentiation. 
Direct comparison of twice differentiated electrocapillary curves 

with capacity curves again confirms qualitatively the agreemenk between the 
two types of measurement, but the inaccuracies introduced by differentiation 
a r e  too great to allow more quantitative conclusions. 

The most important information obtained from capacity and electro- 
capillary measurements concerns the ionic composition of the double layer. 
This is obtained by the application of Gibbs adsorption equation in  one form 
or another and necessarily involves a differentiation step, although this may 
be carr ied out by fitting integrated theoretical isotherms to the experimental 
data (15) and then differentiating analytically. a c h  a procedure has  particular 
advantages if the isotherm constants are independent of charge, but there  is a 

curve is not very sensitive to variations in isotherm constants. A more  direct 
procedure might therefore have advantages. The computer program described 
above is an attempt to solve this problem in a simple way. In fitting a poly- 
nomial to the .!& - In a points different degrees of polynomial were examined. 
High-order polynorniafs produce resul ts  that are too sensitive to experimental 
e r r o r  and are consequently meaningless. The criterion adopted was  that of comparing 
the resul ts  of an n-th order  fits with that of an (n + 1) th o rde r  fit. Best agree- 
ment was obtained when n = 3. 
the resul ts  being l e s s  plausible for the 4th than for the 3rd order  fit. It is, 
therefore, recommended that a 3rd order  pol nomial provides the most satis- 
factory simple route to the differentiation of [* - In curves. Agreement 

0 .3  pC cm'? e-cept at  extreme concentrations or charges. The curves of 91- 
against q can be compared directly with the resul ts  of Grahame and Soderberg (18) 
a t  0.1 M and of Devanathan and Peries (9) at 0.01 M, 0.1 M, and 1 M. With 
the former no deviation is greater than 0. 7 PC cm* while with the latter dis- 
crepancies of greater than 1 pC cmea are found undoubtedly as a resul t  of e r r o r s  
introduced by graphical differentiation to obtain both q f and q. 

As a further check the data of Grahame (6) for aqueous KI was put 
through the computer program using integration constants based on electrocap- 
illary data (7,8,9,10). In this case the agreement between the 3rd and 4th 
order  f i ts  was much better and at the lower concentrations good agreement with 
the published data (6) was obtained. The resul ts  obtained from this system are 
undoubtedly better r imarily because the concentration points are more  closely 
spaced. Grahame 76) measured capacities at 17  concentrations between 0.015 M 
and 1.2 M; that is, over 8 points per decade. The present KBr r e su l t s  are based 
on 3 points per decade and must be correspondingly less accurate. This must 
be considered as the main weakness of much recent work on the electrical 
double layer (14,19) especially that based on 2 points per  decade (9,17). 

At concentrations of the order  of 1 M and higher the computed KI 
resul ts  differ from the published data 
of the inner layer previously 

' r isk of imposing this condition on a set of data since the surface-pressure 

Even so, the end points produced large variations, 

with graphical differentiation for the KBr system was P ound to be within 

owing to the effect of the thickness 
In spite of contrary assertions (2) 

there seems  good reason to suppose that the correction for this effect is charge 
dependent 
specific aasorption has been devised, values of q - for solutions of higher con- 
centrations are subject to e r r o r  from this cause as well a8 from defects i n  
diffuse layer theory. 

Data from the dilute solutions calculated from capacity measurements 
with the aid of electrocapillary integration constants also appear to deviate by 
a micro-coulomb or two from the expected values at negative charge, as 

(14). Since no way of measuring this effect in the presence of 



i 0  
commented upon recently (19). It is possible that this may be the result 
of the slow transport of ions to the double layer (20,21) but a clear proof 
that this is the cause is a t  present lacking. . 

W e  should like to thank Dr. W. R. Fawcett for assistance with 
the differentiation program, the University of Bristol Computer Unit for 
computing facilities, and the Somerset L. E. A. for a grant to J. L. during 
the course of this work. I 
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rable 1 

9 

-18 
-16 
-14 
-12 
-10 
- 8  
- 6  
- 4  
- 2  

0 
+ 2  

4 
6 
8 

10 
12 
14 
16 
18 
2 0 ,  
22 
24 

PC cm-' 
-E 
V 

1.592 
1.475 
1.353 
1.227 
1.102 
0.982 
0.868 
0.761 
0.656 
0.572 
0.512 
0.463 
0.417 
0.371 
0.328 
0.286 
0.250 
0.220 
0.191 
0.173 
0.160 
0.144 

161 
0.01 M KBr in water a t  25°C 

C 
IF cm" 

17.59 
16.65 
16.04 
15.90 
16.16 
17.04 
18.24 
18.88 
19.76 
29.08 
37.75 
42.74 
43.75 
45.09 
46.40 
51.51 
60.00 
72.20 
95.88 

130.9 
165.1 
231.0 

q+ -2 
PC cm 

16.0 
14.0 
12.1 
10.2 
8.3 
6.5 
4. 5 
3. 5 

+ 0.8 
0.0 

- 0.1 
+ 0.1 

0. 3 
0.7 
1.2 
1.7 
2.2 
2.9 
3.5 
4.0 
4.6 
5.2 

9: 
pC! cm-' 

1.4 
1.5 
1 .4 
1.3 
1.1 
1.0 
1 .0  
1.0 

+ 0.8 
0.0 - 1.8 

- 4.1 
- 6.6 
- 9.0 
-11.5 
-14.1 . 
-16.7 
-19.4 
-22.0 
-24.5 
-27.2 
-29.7 

$2 

mV 
-172 
-165 
-158 
-150 
-140 
-128 
-111 
- 86 
- 46 

0 
+ '8 
- 5  - 23 
- 41 
- 56 
- 69 - 81 - 92 
-100 
-106 
-112 
-118 

$M-2 

mV 
-958 
-848 
L733 
-616 
-500 
-392 
-295 - 
-213 
-149 
-105 - 58 
+ 4  

69 
131 
190 
245 
293 
334 
37 1 
395 
415 
436 

Y 
dyn cmd 

329.8 
349.7 
368.0 
384.3 
398.1 
408.9 
416.9 
422.3 
425.4 
426.3 
425.7 
424.3 
422.0 
418.8 
414.9 
410.32 
405.6 
401.1 
396.3 
392.9 
390.0 
386.7 



Table 2 
q 

-18 
-16  
- 1 4  
- 1 2  
-10 
- 8  
- 6  
- 4  
- 2  

0 
A 2  
+ 4  
+ 6  
+ 8  
+ I O  
+ l 2  
*14  

1 6  
18 
20 
22 
24 

/ lC  C K 2  

Table 3 
q 

-18 
-16 
- 1 4  
- 1 2  
-10 
- 8  
- 6  
- 4  
- 2  

0 
+ 2  
+ 4  
+ 6  
+ 8  
+10 
+ 1 2  

1 4  
16 
18 
20 
22 
24 

p c cm-' 

-E 
v 

1.488 
1.373 
1.254 
1.136 
1.025 
0.931 
0.858 
0.799 
0.750 
0.705 
0.663 
0.621 
0.581 
0. 540 
0.499 
0.460 
0.425 
0.394 
0.367 
0.343 
0.323 
0.307 

-E  
V 

1.543 
1.428 
1.307 
1.182 
1.059 
0.940 
0.833 
0.745 
0.678 
0.624 
0.578 
0.536 
0.494 
0.452 
0.411 
0.373 
0.341 
0.312 
0.285 
0.265 
0.242 
0.230 

1 M KE3r in'water a t  25 C 
C 

pFcm-' 
18.09 
17.09 
16.71 
17.13 
19.28 
24.10 
30.94 
37. 50 
43.16 
45.87 
40.05 
48.80 
49. 56 
48.48 
49.63 
53.67 
60.42 
69.34 
80.57 
94. 77 

113.1 
132.2 

1 
q+ q- 

13. 0 . 0.9 
11.3 0.9 
9 .7  0.6 
8. 4 0.2 
7. 4 - 0.7 
7 . 0  - 2.2 
7 . 1  - 4.3  
7.6 - 6.9 

p c  cm-' p c  cni-' 

a. 4 - 9 .8  
9 .3  -12. a 

10.9 -18.7 
10. 1 -15.8 

11.7 -21.6 
12.5 -24.5 
13. 3 -27.4 
14. 1 -30.2 
14. 9 -33.1 

17. 0 -41.4 
17.7 -44.1 
18. 3 -46.7 

15. 6 -35. a 
16. 3 -38.6 

0. 1 M KBr in water at 25' C 

5: 
p F cm-' 

17.79 
16.87 
16.24 
16.03 
16.40 
17.57 
20.17 
25.87 
33.90 
41.56 
45. 58 
47.56 

48.20 
50.29 
56.50 
65. 56 
73.86 
87.43 

47. a 7  

105.7 
144.4 
189.5 

q+ 
pCcm' 
17. 6 
15. 5 
13. 3 
11.0 
8. 9 
6. 9 
5.3 
4. 2 
3. 8 
3. 8 
4. 1 
4. 5 
4.9 
5. 4 
5.9 
6. 5 
7.0 
7. 6 
8. 2 
8. 8 
9 .3  
9. a 

1 
q- 

- 1.3 - 1.1 - 0.9  
- 0.6 
- 0.4  
- 0 .3  
- 0.7 
- 1 .5  
- 3.0 
- 5.1 
- 7.4 
- 9 .8  
-12.2 
-14.8 
-17.3 
-14.9 
-22.5 
-25.1 
-27.7 
-30.3 
-32.9 
-35.4 

pc cm-2 - 2  

4 
mV 
-60 
-55 
-50 
-46 
-42 
-40 
-4 1 
-43 
-46 
-49 
-52 
-54 
-56 
-59 
-6 1 
-63 
-65 
-67 
-68 
-70 
-7 1 
-73 

4 
mV 
-121 
-115 

-100 
- 90 
- 80 
- 69 - 61 
- 57 

- 60 
- 63 
- 66 
- 70 
- 74 
- 77 
- 81 
- 84 
- 87 
- 90 
- 92 
- 95 

- loa 

- 5a 

&M-2 ,, 
mV dyn crn-' 

-969 334.0 
-859 353.4 
-746 371. 2 
-63& 386.7 
-524 398.9 
-432 407.4 
-359 412.5 

-246 417.0 
-298 415.45 

-153 417.0 
-198 417.4 

-109 415.7 
- 66 413.7 
- 23 410.9 
+ 20 407.2 

61 402.9 

131 393.6 
160 389.1 

206 380.5 
224 376.7 

ga 398.3 

186 384.5 

Y 
*M-2 

mV dyncm-I 
-962 331.7 
-853 351.4 
-739 369. 5 
-623 385.6 
-508 399.3 
-400 409.9 
-304 417.4 
-223. 421.9 
-160 424.0 
-107 424.5 - 59 424.1 
- 13 422.8 

122 414.1 

200 405.7 
232 401.4 
262 396.9 

310 388. 5 
324 385.7 

+ 33 420.7 
78 417.8 

164 404.9 

285 392.9 
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THE SPECIFIC ADSORPTION OF ALKALI METAL IONS AT THE MERCURY- 
FORMAMIDE INTERFAm 

George H. Nancollas and David S. Reid. I 

S t a t e  University of New York a t  Buffalo, Buffalo, N.Y. 14214. 

Introduct ion 

The p o s s i b i l i t y  of s p e c i f i c  adsorption of the a lkal i  metal 

Most of the work has been done i n  aqueous so lu t ions ,  

ions a t  a mercury-solution in te r face  has been inves t iga ted  by 
a number of workers, bu t  a s  yet  no firm conclusions have been 
reached. 
f o r  which there  a r e  now abundant data. I n  a recent  paper we 
reported r e s u l t s  of measurement6 of the surface excessea of 
potassium and chlor ide ions at the i n t e r f a c e  between a mercury 
electrode and a so lu t ion  of potassium chlor ide i n  fonnamide 
which indicated that s p e c i f i c  adsorption of the potassium ion  
w a s  occurring. I n  an attempt t o  c l a r i f y  the e i t u a t i o n ,  t h e  
surface excesses of anion and c a t i o n  have been determined 
from e l e c t r o c a p i l l a r y  and double l a y e r  capaci ty  measurements 
f o r  a mercury e lec t rode  i n  contact  w i t h  a cesium chlor ide 
so lu t ion  i n  formamide. 
ch lor ide  and cesium chlor ide  so lu t ions  have been aubjected t o  
a components of charge analysis .  

The r e s u l t s  f o r  both the  potassium 

Experimental 

The procedures used f o r  the p u r i f i c a t i o n  of reagents  and 
preparat ion of so lu t ions  have been described previously. 
I n t e r f a c i a l  t ens ions  were measured as a funct ion of appl ied  
p o t e n t i a l ,  uaing a c a p i l l a r y  electrometer  1 i n  0.050, 0.0889, 
0.100 and 0.179 molal so lu t ions  of cesium chlor ide  i n  formamide. 
The reference of p o t e n t i a l  w a s  a si lver-milver  chlor ide e lec t rode  
in t h e  same so lu t 'ons ,  and i n t e r f a c i a l  t ens ions  were reproducible 
t o  ,* 0.2 e r g  cm-$ except a t  the most cathodic p o t e n t i a l s ,  me+t 
the  agreement w a s  

Resul t s  

appl ied p o t e n t i a l  for the concentrat ions of cesium chlor ide  atudied. 
From the  v a r i a t i o n  of i n t e r f a c i a l  t ens ion  w i t h  chemical p o t e n t i a l ,  
a t  constant  p o t e n t i a l  E, , the  surface excessea of cesium and 
ch lor ide  ions can be evaluated. This has been done for 0.100 P 
cesium chlor ide,  following the procedure out l ined by Bockria e t  a1 2. 
The magnitude of the  e lec t rode  charge a t  a given PO en t ia1  w a s  
obtained from previously reported capacitanc data . Figure 2 
shows a p l o t  of the surface excesses z ? . F e e *  
p o t e n t i a l  for 0.100 m cesium chlor ide  and for comparison t h e  surface 
excesses i n  0.071 m potassium chlor ide1 . 

0.5 e r g  cm-2. 

Figure 1 shows the  v a r i a t i o n  of i n t e r f a c i a l  tension,  8 ,  with 

P* 

t 
as a func t ion  of 



Discusrion 

The fonn of the  rurface exceso p l o t s  i n  f igu re  2 indicates  
t h a t  spec i f i c  adsorpt ion of ca t ions  i e  occurring i n  the f a r  
cathodic region i n  both potarsium and cesium chlor ide Bolutions. 
The surface exceae of anions reachee a minimum value and then 
increares  as the po ten t i a l  becomes more cathodic. 

Payne3 has rhovn that iodide ions a re  not spec i f i ca l ly  
adeorbed a t  e lec t rode  charges more cathodic than -10 h c o u l  .car2. 
Since the ch lor ide  ion would be expected t o  be epec i f ica l ly  
adsorbed t o  a smnllcr extent  than iodide,  it i e  reaoonable t o  
assume that beyond -1.2 v, It which the electrode charge is 
approximately -13 ,ucoul.cm' , there  i8  no spec i f i c  adsorption of 
chloride ions. I n  t h i e  region, therefore ,  the charge due t o  
spec i f i ca l ly  adsorbed cat ions,  ql+ , can be calculated from the 
re la t ionships  

( 8 )  
L, Fc!= -9, 2-8 

q:-S = ~ ( ~ - 1 9 - 4 6 q a - 1 )  ( C )  

q- 2-8 = -~(e19.46 92 -1) (b) 

(d )  = f + P c - q 4  2-8 
q+ 

where the symbol8 have their umual meanin e. 
chlor ide m d  cesium chlor ide,  a p lo t  of qf 4 vs E, wan l i nea r ,  
and .hilar linear re la t ionahips  involving q l -  have been obtained 
in aqueoue so lu t ione  for rpec i f i ce l ly  adaorbed anions 4.5 . 
rea8onrble t o  a s s m e  that t h i s  l i n e a r  r e l a t ionsh ip  in formaPlide 
molotion w i l l  hold so long a8 there  is no anionic  r y c i f i c  adeorption 
T r a p o h t i o n  t o  lover po ten t i a l s  gives  volute  of 94 , from which 
q, can k ca lcu la ted  by means of the following relationmhipr. 

In both potarsium 

It i 8  

The r e s u l t s  of t h i 8  ca lcu la t ion ,  f i gu re  3, show t h a t  q! , 
the anionic m p c i f i c  tdmorptfon, is zero a t  po ten t i a l s  more cathodic 
than - 0.90, 
mpccifically adnorbed anion, it i s  not posaibls  t o  amsign Any mom 
than q u a l i t a t i v e  importurce t o  the results, A t  the  prcocnt time 
there  i r  ao r a y  of rnolyr ing f o r  8imultaneoue spec i f i c  adeorption 
of both anions urd cations.  

When q- ha8 a negative value,  cornoponding t o  



In the region where the anion s p e c i f i c  adsorption is zero,  
t h e  amount of s p e c i f i c  adsorption appears e s s e n t i a l l y  equal  f o r  
both potassium and cesium ion. 
occurring a t  the cathodic extreme is worthy of note,  and it is  
i n t e r e s t i n g  t o  compare t h i s  w i t h  previous r e s u l t s .  ;Payne3 found 
no s p e c i f i c  adsorption of ca t ion  t o  occur i n  so lu t ions  of potassium 
iodide in  fonnamide. Recent surface excess r e s u l t s ,  however, i n  
sodium a d cesium chlor ide so lu t ions  i n  fonaamide, obtained by 
D-eking, while s l i g h t l y  lower than the present  data, lead t o  
s i m i l a r l y  la rge  values of the c a t i o n  s p e c i f i c  adsorption. 

cathodic poten t ia l  appears t o  be constant f o r  t h e  potassium, cesium 
and sodium ions,  and probably a l s o  f o r  the rubidium ion. A t  first 
s i g h t  t h i s  i s  d i f f i c u l t  t o  understand, but by considering t h e  
behaviour of these ions i n  water an9 i n  formamide we can r a t i o n a l i s e  
the  observation. Somsen and Coops have measured the  h e a t s  of 
so lu t ion  of the  alkali halides i n  formamide, and ca lcu la ted  M o S o  , 
the  heat  of so lu t ion  a t  i n f i n i t e  d i l u t i o n ,  i n  each caee. 
of these AHo values w i t h  s i m i l a r  values obtained f o r  the s o l u t i o n  
of the a lka l foka l ides  i n  water shows that [AH0 
is a constant f o r  each s e r i e s  of salts  of the !%r 
metals K, N a ,  Rb, C s  w i t  a given halide ion. Using Van Eck*s approach 

t h e  constancy of the term ( h H  
each solvent  where symbols havgcthe 
accept Grahamelsg suggestion that specific adsorption can be 
considered as so lva t ion  of t h e  ion by mercury, a solvent  of i n f i n i t e  
d i e l e c t r i c  constant ,  then i f  a l l  f o u r  c a t i o n s  a r e  desolvated t o  the 
same extent  the enthalpy change on specific adsorption would be 
constant and given by 

The exten t  of s p e c i f i c  adsorption 

The amount of c a t i o n  s p e c i f i c  adsorption occurring at a giv!n 

Compar f son 

(H20)- A Hosol (HCOWz$ 
a lkal i  

+A\) f o r  a l l  f o u r  c a t i o n s  i n  
t o  the solvat ion of ions 8 , t h i s  has been explained a s  being due t o  

me meaning as  i n  ( 7 ) .  If we 

- A H  = k (AH: - A P  
S 

= k ( AH: +  AH:^+ AH: -A* - AT -Am) 
= 

nc C 
k ( AHf -A I$  4 constant)  

In this  equation AH, is t h e  i o n i c  e n t h p p  
r e f e r  t o  foxmamide and mercury respec t ive ly ,  and the value of k i s  a 
maeure  of the ex ten t  of desolvation, k = 1 indica t ing  complete 
desolvation. -AHc f o r  i n e r t  gas-type c a t i o n s  has been shown t o  be 
equal  t o  the sum of the i o n i s a t i o n  p o t e n t i a l  and the  e l e c t r o n  
a f f i n i t y  of the corresponding metal ions i n  both water and formamide. 
The same is  probably a l s o  t r u e  f o r  mercum, and so - A H  = constant,  
s ince  AH; - 
entropy of s p e c i f i c  adsorption, s ince  we have considered a11 t h e  
ca t ions  t o  be desolvated t o  the same extent .  This would mean that 
the  f r e e  energy of s p e c i f i c  adsorpt ion would be constant ,  r e s u l t i n g  
i n  an equivalent amount of s p e c i f i c  adsorption i n  each case. 

m e n d i n g  this approach t o  the ha l ide  salt8 of a given ca t ion ,  
[AHgol(H20) - AHzol (HCONH2)7 increase8 i n  t h e  order cl'< Br'< I' . 

of U O l V 8 t i O n , f  and m 

= 0. rt is reasonable t o  assume a small or constant 



Since the urfona are of s i m i l a r  rire,A)hc+ A 

i n  ( A T  - AH: 1 along the ser ies .  It i 8  rearonabh t o  aoaume 
that ( AH: - AT ) vi11 8 b w  a .hilar increare since fn tach 
cane ua are going from the rolvent of lower d i e l e c t r i c  conrtant 
t o  tht  rolvent  of higher d i e l e c t r i c  constant . - AH(S A Hf- A v c o n s t a n t  
w i l l  h c r e a u e  in going f r a  chlorids t o  iodide and the f ree  energy 
of 8WCifiC adeorption can  be expected t o  follow the name t t t n d ,  
re8ulting i n  the observed incream in 8peci f ic  adrorption. 

aqocou8 8yeteat8, 80 that we w u l d  expect 
1)equrrlity of c a t i o n  .pacific adrorption. 
2 ) m  i n c r a u e  h mpecffic adrorptfon along the  reries Cl-,Br-,X- 
The l a t t e r  i 8  in accordance with the knovn b e h a o i o v  of these miorno 
at the  mercury-water interface,  

w i l l  again be 
c o n a t m t  in each aolveat ,  and the incream re HBL a c t a  an increaat 

Similar argument8 CUI k advanced for the mercury electrode in 
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lntcrfemnce Attenuated Total  Reflectance On Tin-Oxide Glass Subs t ra tes  

V .  S.  Srinivasan and 7 .  Kuwana 

Case I n s t i t u t e  of  Technolotzy, Cleveland, Ohio 44106 , ' 

The e p p l i c a t i m  o f  Attenuated Total  Reflectance spectroscopy has heen 
The s p e c i f i c  appl ica t ion  of uqrd for thc study of i n t e r f a c i a l  phenomena.) 

t h i s  tcchnique t o  i d e n t i f y  and t o  study spec ies  farmed d u r i n r  an e l e c t r o -  
chrmical process has been successfu l ly  demonstrated by Hansen. Kuwana, and 
(ktcryotmg.2 Thc conducting surface f o r  t h e  electrochemical process may be 
c i t h c r  a t h i n  m e t a l l i c  f i lm or a th in  layer  of "doped" t inoxidc on c l a s s  
srihstratc. To obtain t h e  spectrum o f  the species  under s tudy,  the diffcrcnce 
i n  thc  values of  the  r e f l e c t a n c e  abosrbance w i t h  and without t h c  Ecneratcd 
spccies  a t  the sur face ,  was p l o t t e d  apa ins t  wavelenrth. 
authors ,  the shape of t h e  s p e c t r a  depended on t h e  thickness  of thc  f i  lms. 
I t  was rsswcd t h a t  t h e  f i lm ( t inoxide)  ac ted  merely as a neut ra l  f i l t e r .  
llwcvcr t h i s  approach is not v a l i d  as w i l l  be shown. 
i n  t h i s  piper  is base$ ar Murmann-Forrterlina f o m l a  f o r  r e f l e c t i o n  of l i g h t  
f r a  thin films.'  

As noticed by these 

Thc approach presented 

Experiwntal  : 

d i s t i l l e d  water. f inoxide  coated  lass p l a t e s  were obtained f r o a  Coming Glass 
Co. Spectra were obtained m a Cary Model I S  spectrophotometer. Thin films of 
gold were deposited on glass  p l a t e s  by vacuum evaporation method. 
of  the  c e l l  w a s  similar t o  the one previously 

Reawnt wade chemical% wcre u s e d  and t h e  so lu t ions  were made with doubly 

The design 

The Univrc 1107 c o q u t o r  usinR alRol system was used f o r  computations. 

Theory: 

cocf f ic ien ts  a r e  ca lcu la ted  for r e f l e c t i o n s  a t  the  i n t e r f a c e  of two absorhinn 
r d i a .  Then these values  a n  used i n  t h c  gcnctal  formula f o r  r e f l e c t i o n  from 
t h i n  f i l a .  tint derived by Fors te r l ing  for n o m 1  r e f l e c t i o n ,  bu t  modified 
t o  include any angle of incidence.  

Fresnel Reflect ive Coeff fc ien t r :  

polar ized liet a t  the interface of two ahsorbing r s d i a  i s  

The problem is div ided  in to  two sec t ions .  F i r s t  t h e  Fresnel r e f l c c t i v c  

The equation for Fresnel  r e f l e c t i v e  c o e f f i c i e n t ,  n, f o r  perpendicularly 

h h A pen n 1 and % am t h e  cap lex  r e f r a c t i v e  indices, with n 

tha o t t e n u r t i a r  indices of t inoxide  f i l m  and s o l u t i o n  respec t ive ly .  

equal t o  n l - i c g  and 
to n 2 - i ~ ~  where n1 and nz a m  the r e f r a c t i v e  ind ices  and c 1  and c 2  arc 

e 1  and +2 



... .. 

a r e  the  angle of  incidence and t h e  angle o f  r e f r a c t i o n  f o r  t h e  l i g h t  beam 
enter ing  from t h e  g l a s s  s u b s t r a t e .  In t h e  above equat ion ,  t h e  anRles a r e  
a l s o  complex, but they can be replaced i n  terms of t h e  r e a l  exl)erimental 
q u a n t i t i e s ,  +p the  angle  of incidence of t h e  l i g h t  beam on t h e  t ransparent  
g lass  s u b s t r a t e  and it  r e f r a c t i v e  index no, us ing  S n e l l ' s  law. 

Simpli€icat ion of equat ion (1) leads  t o  t h e  Fresnel  r e f l e c t i v e  c o e f f i c i e n t  

(3) 

where 

with 

and 

___ __ . . .. __. . . - -. .. .- 

q- -I@ - (N2-N2r2-sin2@o) + ( N 2 + ~ 2 - s i n ~ + o )  + ( 2 $ ~ 2 ) ~  J 2 2  f' 2 2  

The s i p s  f o r  t h e  square roots a r e  d i c t a t e d  by t h e  condi t ion  t h a t  t h e  
r e f l e c t i v i t y  always b e  equal  o r  less than uni ty .  
N2-na/n0. 

t o  be 

Fur ther  N1=nl/no and 

The phase angle  P a s s o c i a t e d  with t h e  above electric v e c t o r  is ca lcu la ted  

s i n  B- ~ ( p y - q x ) / ( ~ l $ )  ( 4 )  
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Table I 
I 

Caparison Between Experimental and Simulated Spectra 

Experimental S i  mu 1 a t  ed 
Uaxima 390 mu 390 my 

+ 

458 4bO I' 

748 I *  760 I' 

Minima 415 I' 426 " 
soa 11 510 " 
635 655 

The thickness of the f i l m  is taken to b e  960 mu. 

' i  

I 



For ind iv idua l  cases of  r e f l e c t i o n ,  t h e  amplitude and the  phase angle  can be 
eva lua ted  from equat ions (3) and ( 4 ) .  

Murmann-Forsterling Formula: 

d i s t a n c e  between t h e  peaks being dependent upon t h e  thickness  of  t h e  f i lm.  
The ray  of  l i g h t  e n t e r i n g  the  g l a s s  s u b s t r a t e  is p a r t i a l l y  r e f l e c t e d  with 
a Fresnel  c o e f f i c i e n t  rl and phase angle  y. a t  t h e  f i lm-glass  i n t e r f a c e .  The 
t ransmi t ted  p a r t  t r a v e l s  through t h e  f i lm with th ickness  d being a t t e n u a t e d  
by a f a c t o r  a and undergoes a phase lag  of 6 . This ray is f u r t h e r  r e f l e c t e d  
with a Fresnel  c o e f f i c i e n t  r2 and a phase angle  6 a t  t h e  f i lm-solut ion i n t e r -  
face .  Thus t h e  progress ive ly  a t tenuated  rays undergo mul t ip le  r e f l e c t i o n s  i n  
t h e  t h i n  f i l m .  
o r  d e s t r u c t i v e l y  i n t e r f e r e  with t h e  f irst  r e f l e c t e d  ray .  The net a d d i t i o n  of 
these  vec tors  and subsequent manipulation with t h e  complex conjucate  g ives  

The r e f l e c t i o n s  from t h i n  f i lms give rise t o  maxima and minima, t h e  

These p a r t i a l l y  emergent e l e c t r i c  vec tors  may c o n s t r u c t i v e l y  

where 

471 d no y 

2 x  

. a  = exp 

and 
4 n d n  x 

2 1  

6 =  

X being t h e  wavelength. 

Experimental Resul ts  and Discussion: 
In f i g u r e  1. experimental r e f l e c t a n c e  s p e c t r a  f o r  t h e  t i n o x i d e - a i r  and 

t inoxide-water  i n t e r f a c e s  with perpendicular ly  polar ized  l i g h t  are shown. 
Absorbance is  def ined a s  - log R e f l e c t i v i t y .  

The v a l i d i t y  of equat ion (5) was checked by t h e  computor by s imula t ing  
t h e  spectrum with s u b s t i t u t e d  va lues .  
for  t inoxide ,  was eva lua ted  as 0.0035. 
f i l m  was chosen t o  be  960 m u ,  as t h i s  number gave s imi lua ted  s p e c t r a  s i m i l a r  
t o  experimental ones a s  may be  seen i n  Table 1. 
of 1 micron quoted by t h e  manufactures. 
is not  expected because o f  t h e  assumed cons tan t  va lue  f o r  the  r e f r a c t i v e  index. 

The value o f  ~ 1 ,  t h e  a t t e n u a t i o n  index 
The value f o r  t h e  th ickness  of  t h e  

This  va lue  is n e a r  t h e  value 
Fur ther  agreement a t  a l l  wavelengths 

b 
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The r e f r a c t i v e  index f o r  t inoxide and g i a s s  were taken as  1.88 and 1.49 

An important conclusion drawn from t h c  r e s u l t s  is  t h a t  the chnnqc i n  

respec t ive ly .  Ihe angle  incidence 0 ,  was 72 . I 

r e f r a c t i v e  index a f f e c t s  t h e  pos i t ion  a s  well as t h e  h c i c h t s  of thc  absorbance 
peaks. 

The second i n t e r e s t i n g  aspect  of these s p e c t r a  is the  followinq. 
i f  t h e  absorbance of t h e  spec ies  is independent of wavclenRth, t h e  spcctrum 
would be a s t r a i g h t  l i n e  p a r a l l e l  t o  t h c  wavelcnKth a x i s .  In  the  in tc r fc rcncc  
A . T . R .  non-l inear  e f f e c t  of c2, the a t tenuat ion  index of species  i n  so lu t ion  i s  
sccn on the  spectrum. For  a constant c 2 ,  t h e  maximum of absorbance f o r  species  
coincides  with t h e  maximum due t o  the  in te r fe rence  A.T.R. In f igure  2 the  
r e l a t i v e  change o f  absorbance is p l o t t e d  a s  a funct ion o f  wavclcnffth with c2- 
0 .005 .  
so lu t ion- f i lm i n t e r f a c e  i s  v e a t l y  dependent on t h e  optical  proper t ies  of  the 
f i l m .  

F i p u n  3A is t h e  A.T.R. spectrum of  Eosin-Y with t h e  t inoxide  coated 
p l a t e  replaced by a p l a s t i c  one. 
Eosin-Y on t h i s  s u r f a c e .  The peak occurs a t  521 mu. Using formulas (1) and 
( 3 ) .  the  c z  values a r e  c a l c u l r t e d  f o r  d i f f e r c n t  wavelenRths and then subs t i tu ted  
i n t o  equation (5 ) .  The computor ca lcu la t ions  give t h e  r e s u l t a n t  absorhance 
which is shown i n  Figure 38. 
bance curve f o r  Eosin-Y with t h e  t inoxide  coated c e l l .  I t  is c l c a r  t h a t  t h e  
A . T . R .  th in  f i lm simulatcd spectrum i s  i n  agreement with t h e  experimcntal 
s p e c t n m  but s h i f t e d  t o  longer  wavelengths with respect t o  t h e  experimental 
A . T . R .  spectrum without  t h e  t h i n  film. 

The prel iminary '  c a l c u l a t i o n s  f o r  p a r a l l e l  po lar ized  l i g h t  showed t h a t  

In A.T.R.  

I t  i s  clear t h a t  t h e  shape of  the  spectrum f o r  t h e  spec ies  a t  the  

There is no evidence for adsorpt ion of 

Figure 3C i s  t h e  experimental ly  determined absor- 

t h e  Ref lec t iv i ty  was r e l a t i v e l y  lower than t h a t  f o r  perpendicular  po lar iza t ion .  
The e l c c t r t c  vec tor  experiences a f i e l d  e f f e c t  as it penet ra tes  t h e  medium 
and i s  re f lec ted  a t  t h e  i n t e r f a c e .  
i n  an applied e l e c t r i c  f i e l d .  
t h e  support ing e l e c t r o l y t e )  t h e  peak height  changes with appl ied p o t e n t i a l .  
T t  is very important t h a t  t h e  f u t u r e  workers repor t  s i m i l a r  observations i n  
d d i t i o n  to giving t h e  e f f e c t  o f  p o t e n t i a l  i n  t h e  prcsence of absorbing species .  
Further ,  our observat ion t h a t  t h e  Absorbance-time r e l a t i o n s h i p  for potent io-  
s t a t i c  jump is much lonaer  than t h e  one expected on t h e  b a s i s  of d i f fus ion  and 
penet ra t ion  depth agrees  with those reported previously.2 
i s  very d i f f i c u l t  t o  m d c r s t a n d  by only consider ing t h e  sur face  concentration 
unless  t h e r e  i s  r time dependent adsorption o f  t h e  mater ia l  occurr inff .  
t i r  dependence is not iced  with only support ing e l e c t r o l y t c  (pH 1, tic1 buffer )  
and t h i s  may be from t h e  or ien ta t ion  of molecules i n  t h e  t inoxide  f i l m ,  which 
leads to t h e  time dependent an iso t ropic  behavior. 
s t a t i c  jw t o  0.6 v with respec t  to s.c.e. with Eold and t inoxide  f i lms.  
might n o t i c e  the  r a p i d  response with t h e  gold f i l m ,  compared t o  t h a t  of t h e  
t inoxide  f i lm.  Though one cannot discount t h e  e f f e c t  of f i l m  formation t o t a l l y ,  
it should b e  borne i n  mind t h a t  t h e  new f i l m  w i l l  d e f i n i t e l y  a l t e r  t h e  shape of 
the s p e c t n m ,  both i n  the height  md the pos i t ion  of the peaks. 

Optical r o t a t i o n  may therefore  be expected 
In t h e  absence of  any absorbinq spec ies  (only 

This time dcpcndence 

Similar  

Fiaure 4 gives t h e  potent io-  
One 

In Figure 5 

i! 
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t h e  re f lec tance  spectrum o f  t inoxide  p l a t e  coated with a t h i n  l a y e r  of gold 
is s h o w .  
f l e c t i o n s  from mul t ip le  f i lms .  

This spectrum i s  predic ted  by F o r s t e r l i n g  r e l a t i o n s h i p  f o r  re -  

TO summarize, extreme care  should be exerc ised  i n  interpretin!! t h e  
chemical phenomenon on sur face  purely from o p t i c a l  measurements, when t h i n  
films a r e  used. 
mul t ip le  r e f l e c t i o n s  i n  t h e  t h i n  f i l m .  

The c a l c u l a t i o n  penet ra t ion  depth i s  i n  error because of  

The authors  g r a t e f u l l y  acknowledge t h e  support  of t h i s  work by Grant 
GM 14036 from t h e  Research Grant Branch of Nat ional  I n s t i t u t e s  of  General 
Medical Sciences,  N I H  and by NOL c o n t r a c t  N123-(62738)56006A. 
of Richard Chang during t h e  e a r l y  p a r t  of t h i s  work is hereby acknowledged. 
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LECTRODES FOH THE INTERNAL ilEFLXTION SPECTROSCOPIC OBSEXVATION OF E-  

LSCTRODE SOLUTION INTERFACES 
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James S. Mattson 

Harry B. Mark, Jr. 

Department of Chemistry 
The University of Michigan 
Ann Arbor, Michigan 48104 

\ 
The feasibility of using Internal Reflectance Spectroscopy (IRS) \\ 

1 as a method for monitoring electrochemical reactions spectrophoto- 
metrically at the electrode surface has been demonstrated previously 
( 3 , 7 ) .  Since that time, it has been found that it would be highly 
advantageous to produce IRS crystal-electrodes which have surfaces 
with better electrochemical characteristics than those used previ- 
ously [i.e., those which employed doped tin oxide in the visible range 
of the electromagnetic spectrum (3) and germanium in the infrared 
region ( 7 ) ] .  The semiconductor properties of tin oxide and germanium 
make these materials quite unsuitable for many experiments as their 
electrode properties are quite complex ( 5 , l O ) .  This, therefore, makes 

I. the characterization of this combination electrolysis-spectrophotometric 
technique extremely difficult. Experimentally, it has been observed 
that the absorption baseline of tin oxide coated glass electrodes does 
not remain constant from one electrolysis to the next (5,lO). Other 
investigators have also observed the same changes in the optical 
properties on electrolysis ( 6 , g )  which indicates that the surface is 

I' changing in some way. 

For these reasons, the possibility of using thin platinum and 
alladium ,netal films on optically transparent substrates which can 

de would Like to report a relatively rapid and inexpensive 

I 
:hen be employed as IRS electrodes has been investigated. 

method of producing such films and present some preliminary electrode- 
optical characteristics of these electrodes. 

\ 
1) 

I 

I 

EXPERIMENTAL 

' Pla cinum-Glass IRS-Electrode 

11 The method of producing the platinum-glass IRS-electrode employs 
the use of a solution of an organic ligand complex of platinum, 
(Liquid Platinum No. 1, Engelhard Industries Inc., Hanovia Liquid 
Gold Division, East Neward, N. J.) which is readily reduced to platinum 
metal on an inert substrate, such as glass, at sufficiently high 
temperatures. 

ennbles a thin platinum film to be produced), a small amount (0.1 to 
0.2 ml, depending on the thickness of film desired) is dissolved in 
3 nl oi' dichloromethane, and the resulting solution is painted on to 

r the IRS plate using brush strokes parallel to the light path. Several 

1 To lessen the viscosity of the available Liquid Platinum (which 

, 
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coat:nr;'s .-.q be a p p l i e d ,  q a i n  depcndin,: on t h e  thic!mC;s o f  i'il::! 
d e s i r c d .  The plate i s  then allowed t o  C U R  i n  a i r  r J r  about one hour 
a t  ro3x tenpcr2 turc .  It i s  then  f i r e d  i n  an open ovcn f o r  about four 
hours .  Tnc l ~ i r i n g  terrperature  f o r  Pyres  p l a t e s  i s  between u\,O°C and 
680°C ( , ipproxinately t h e  fus ion  p o i n t  ai' t h e  &lass). 

The c e l l  was e s s e n t i a l l y  t h e  same as employed by Hanseln e t  al.  
(3,Q). 

Constant c u r r e n t  chronopotentiometry was c a r r i e d  out  on the  
previoclsly c h a r a c t e r i z e d  ( 3 )  o - t o l i d i n e  system. The apparatus  i s  
s i m i l a r  t o  those  descr ibed  e a r l i e r  ( 2 , 3 ) .  - o - t o l i d i n e  i n  a pH 2.00 KC1-HC1 b u f f e r  was placed i n  t h e  r e a c t i o n  
c e l l ,  a d  on c l e c t r o l y s i s  the  fol lowing r e a c t i o n  occurs:  

A j mi l l imolar  s o l u t i o n  of 

I I1 
(yellow ) 

Species  I is c o l o r l e s s  in  the v i s i b l e  range, b u t  I1 absorbs a t  4,380 A ( A n d .  The Gary Model 1 4  was set  a t  t h i s  wavelength and simultaneous 
absor  ance-time and p o t e n t i a l - t i m e  p l o t s  of t h e  oxida t ion  r e a c t i o n  
were c a r r i e d  out.  The results are shown i n  Figure 1. 

cnrono otent iometry t h a t  t h e  Z s o r b a n c e  observed i s  p r o p o r t i o n a l  t o  
t h e  provided t h a t  t h e  p e n c t r a t i o n  depth of t h e  e l e c t r i c  f i e l d  
v e c t o r  Ts s m a l l  conpa t o  t h e  d i f f u s i o n  layer. Figure 2 shows a 
t y p i c a l  absorbance -t'y9 p l o t .  These p l o t s  a r e  linear over a wide 
range of c u r r e n t  d e n x i t i e s  and r e a c t a n t  concent ra t ions .  They have 
a l s o  been found t o  be reproducib le  f o r  success ive  runs w i t h  no s h i f t  
appearing i n  t h e  b a s e l i n e  which is  what w a s  o r i g i n a l l y  des i red .  This 
i s  an  a b s o l u t e l y  n e c e s s a r y  c o n d i t i o n  f o r  scanning wavelength during 
an e l e c t r o l y s i s  t o  o b t a i n  a spectrum of t h e  e l e c t r o l y s i s  product or  
in te rmedia te .  

Typical  1% spectrum scan r e s u l t s  dur ing  he e l e c t r o o x i d a t i o n  of - 0 - t o l i d i n e  a r e  shown i n  Figure 3. A 5.0 x 10-5 M 2 - t o l i d i n e  and 0.22 
- M c h l o r i d e  (pH = 2.0) s o l u t i o n  w a s  p o t e n t i o s t a t e a  a t  +0.60 1 vs SCE. 
Curve 1 r e p r e s e n t s  t h e  spectrum ( b a s e l i n e )  of t h e  s o l u t i o n  a t  zero 
a p p l i e d  vol tage  and Curve 2 r e p r e s e n t s  t h e  spectrum obtained during 
a c t u a l  e l e c t r o l y s i s .  A very pronounced absorbance peak is observed 
which has a m a x i m u m  a t  4375 dI.  
n o r m 1  transmission peak ( h  = 4380 8)  observed f o r  t h e  oxida t ion  
product  ( s p e c i e s  I1 of  equa!!%n 1) of o - t o l i d i n e  (Curve 3 of Figure 3 
a c t u a l l y  shows t h e  t ransmiss ion  s p e c t r a  of t h i s  compound prepared 
dur ing  e l e c t r o l y s i s ) .  It should be noted a t  t h i s  p o i n t  t h a t  t h e  IRS- 
s p e c t r a  obtained d u r i n g  e l e c t r o l y s i s  a t  plat inum f i l m  e l e c t r o d e s  as 
several  orders  of magnitude b e t t e r ,  with respec t  t o  both &I and 
r e s o l u t i o n ,  than any obta ined  w i t h  t in -oxide  conducting glass 
e l e c t r o d e s  (1,  6, 9, 10). A r e p l i c a t e  IRS c e l l  conta in ing  support ing 
e l e c t r o l y t e  was p l a c e d  in t h e  r e f e r e n c e  beam of t h e  Gary 1 4  during a l l  
runs. 

C h r i s t i e  (1) and Hansen e t  g. (3) have shown for forward cur ren t  

This  c rresponds almost  e x a c t l y  t o  t h e  

. ._ . 
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Experiments were also c a r r i e d  o u t  vary ing  t h e  a p p l i e d  p o t e n t i a l  
v i t h  c e l l s  c o n t a i n i n g  only  suppor t ing  e l e c t r o l y t e  s o l u t i o n  t o  s e e  if 
t h e  IRS absorp t ion  b a s e l i n e  was efi’ected 01’ f a r i e d  i n  any way ( a  
P o s s i b l e  change i n  r e f r a c t i v e  index i n  t h e  s o l u t i o n  a t  t h e  e l e c t r o d e  
s u r f a c e  n i g h t  occur a s  t h e  c o n c e n t r a t i o n s  of  t h e  an ions  and c a t i o n s  
o i  t h e  suppor t ing  e l e c t r o l y t e  i n  t h e  compact and d i f f u s e  double l a y e r  
vary  wi th  p o t e n t i a l ) .  As expected,  however, no s i g n i f i c a n t  change i n  
t h e  b a s e l i n e  viith p o t e n t i a l  was observed. The p e n e t r a t i o n  o r  e f f e c t i v e  
patn l e n & t h  i n t o  a s o l u t i o n  of t h e  e l e c t r i c  f i e l d  v e c t o r  i s  approxi-  
J a t e l y  1000 A i n  t h e  v i s i b l e  range a i d  t h e  s l i g h t  change i n  conccn- 
t rc l t ion  o?  t h e  v a r i o u s  i o n s  i n  t h e  double l a y e r  (approx. 100 1 )  
p r e d i c t e d  by Guoy-Chapman t h e o r y  does n o t  a p p r e c i a b l y  a l t e r  t h e  
inte;rated o r  average environment seen by t h e  e l e c t r i c  v e c t o r  i n  t h e  
1000 d thicG s o l u t i o n  volume. However, whenever t h e  p o t e n t i a l s  were 
s u f l ~ i c i c n t  t o  reach s o l v e n t  o r  e l e c t r o l y t e  breakdown l a r g e  s h i f t s  i n  
a b s o r p t i o n  a r e  observed, e s p e c i a l l y  wi th  t h e  h a l i d e  s o l u t i o n s  where 
c o r r o s i o n  of‘ t h e  f i l m  was iound a t  anodic  breakdown. 

I n  des ignin?  an 113.5-Electrode, such as t h e  meta l  f i l m  type  
descr ibed  above, i t  i s  d e s i r e d  t o  have t h e  f i l m  as t h i n  as p o s s i b l e  
y e t  t h i c :  enough t o  have good e l e c t r i c a l  c o n d u c t i v i t y .  Transmission 
measurements on t h e  above I R S  c e l l s  have shown t h a t  t h e  f i l m  i s  n o t  
completely uniform i n  t h i c k n e s s  i n  some small a r e a s  b u t  appeared t o  
be covered t o  t h e  eye.  The average o p t i c a l  absorbance o f  t h e  f i l m s  
das about 0.40 absorbance u n i t s  which would i n d i c a t e  an average t h i c k -  
n e s s  of about  75 A (11). 
f i l m  $iould be exceedingly high,  however. Actua l  measurements of t h e  
c o n i a c t  r c s i c t a n c e  of t h e  a c t u a l  f i l m s  was about  25 0-cm. To r e s o l v e  
t h i s  discrepancy,  e l e c t r o n p h o t o  micrographs were made of t h e  sur face  
of t h e  films. Two d i s t i n c t  c h a r a c t e r i s t i c s  were observed t h a t  o f f e r  
a p o s s i b l e  explana t ion  as t o  t h e  o p e r a t i o n  of  t h e s e  p l a t e s .  
is a p o r t i o n  01 t h e  en larged  (45,000 d i a m e t e r s )  s u r f a c e  which shows 
t h a t  t h e r e  a r e  a l a r g e  number of smal l  h o l e s  ( e s t i m a t e d  t o  be about 
1 . ~  x cm i n  diameter  on t h e  a v e r a g e ) .  These holes appear  t o  
p e n e t r a t e  t o  the g l a s s  s u r f a c e  which e x p l a i n s  why t h e  f i l m  has  such 
good o p t i c a l  t ransparency.  They a r e  made up e s s e n t i a l l y  of  b a r e  
a r e a s  a n d  t h i c k  opaque i n t e r c o n n e c t e d  areas of metal. The s i z e  of 
t h e  h o l e s  i s  small compared t o  t h e  d i f f u s i o n  l a y e r  t h i c k n e s s ,  of 
course,  so a l l  IRS measurements appear  d i f f u s i o n  c o n t r o l l e d  t o  a 
p lane  e l e c t r o d e .  

The second anomally i n  t h e  o p t i c a l  behavior  of t h e s e  f i l m s  i s  
t h e  experimental  f a c t  t h a t  absorbances o b t a i n e d  u s i n g  t h e s e  e l e c t r o d e s  
a r e  an o r d e r  of magnitude l a r g e r  than  t h o s e  observed a t  conduct ing 
glass I R S  Elec t rodes  [compare F igure  3 t o  F igure  16 of Reference (2)] 
even though t h e  c e l l  geometr ies  were e s s e n t i a l l y  t h e  same number of  
i n t e r n a l  r e f l e c t i o n s .  F igure  4b shows a second t y p e  of s t r u c t u r e  of 
t h e  f i l m s .  These are l o n g  p a r a l l e l  t u n n e l s  [ r a t h e r  t h a n  grooves as 
can be d i s t i n g u i s h e d  by t h e  shadowing and o t h e r  f e a t u r e s  of t h e  
p i c t u r e ]  (11) i n  t h e  f i l m  which are a l s o  p a r a l l e l  t o  t h e  b r u s h  

’ s t r o k e s .  
way by t h e  i n i t i a l  entrapment of  s o l v e n t ,  a:t as t i n y  
(8). go an extremely high number of r e f l e c t i o n s  because of t h e  small 

\ dimension i n  t ravel ingl ldown t h e  t u n n e l .  Thus, t h e  o v e r a l l  e f f e c t i v e  
nlL.nber of r e f l e c t i o n s  i s  very l a r g e  compared t o  t h o s e  c a l c u l a t e d  
fr3r t h e  g ross  geometry of  t h e  c r y s t a l .  The average  width of  t h e s e  
” t u n n e l s ”  was about 1 x cm. This  concept  i s  f u r t h e r  s u b s t a n t i -  
a t e d  by t h e  f a c t  t h a t  IRS-Electrode made i n  t h e  exact manner except  

The e l e c t r i c a l  r e s i s t a n c e  of such a t h i n  

F igure  4a 

It i s  p o s t u l a t e d  that  t h e s e  t u n n e l s ,  perhaps, ,formed i n  som; 
wave channels  

The l i g h t  beam e n t e r i n g  one of t h e s e  wave channels”  will under- 



r82 

i. Lr l<ZL, 7 , 1~ th? =. i l ; n  ~ 3 , s  cl.pplied x i t h  bi-usl? stro!:cs p e r p e n d i c u K  t o  the 
i i ; ; h t  path e s s e n t i a l l y  o p q u e  w i t h  r e s p e c t  t o  t h c  s o l u t i o n  phase .  

gs . t ions  01' t h e  i ' i . l : n  c o n s t r u c t i o n  a i d  t h c  o p t i c a l  t h e o r y  of t h e s e  "wave 
cha rme i s"  is b e i n 5  i n v e s t i g a t e d  and will bi: r e p o r t e d  i n  t h e  nea r  
f 'u ture .  

n L  pi-esent ~ t h i s  t h e o r y  i?, only  speculn t lon ;  hoviever, d e t a i l e d  i n v c s t i -  

CONCLUSIONS 

It I s  C e l t ,  tii::t t h e s e  :.c:;ults sho:.~ that i t  i s  p o s s i b l e  to produce 
:;i.;itnble t h i n  cictnl  r.uiq:races on glass t h a t  are o p t t c a l l y  t r a n s p a r e n t  
as  i'ar a s  IRS i s  concerned and t h a t  enab le  one t o  s tudy  t h e  IRS- 
e 1 e c t roche m i  c i t1  t e c iin i que and e 1 e c t rod e r c a c  t i o n  me c han i  s nis vr i thout  
r,ci:sus climges .CY t h e  c l c c t r o d e  i t s c l r  o r  t h e  absorbance background 
durin;  e l e c t r o l y s i s .  T h i s  c o n c l u s i s n  i s  suppor ted  by t h e  f a c t  tha t  
t h e  d a t n  i n  the v i s i b l e  refgi.cn of' t h e  spectrum was r ep roduc ib le  and 
i i ' i t e d  t h e o r y  w e l l .  F u r t h e r  i n v e s t i g a t i o n  of o t h e r  n e t a l  su r f aces ,  v 
nethods  oi' L'i1:n d e p a s i t i o n ,  c h a r a c t e r i s t i c s  o f  t h e  depos i t ed  l a y e r ,  
and 3 p t i c a l  c h a r a c t e r i s t i c s  of t h e  f i l m  are i n  p rogres s  and w i l l  be r) 

r e p s r t e d  at an e a r l y  da t e .  Also, meta l  f i l m  d e p o s i t s  on q u a r t z  p l a t e s  
a r e  be ing  studie:; i n  the u l t r a v i o l e t  r e g i s n  and on AgCl and KKS-5 a r e  
be ing  s t u d i e d  in the I3 r eg ion  ( p r e l i m i n a r y  experiments h?ve shown 
t h a t  Palladium films on KZS-5 c r y s t a l s  have a much b roade r  I R  window 
(5 t o  16 microns)  than conduct ing  Germanium c r y s t a l s  ( 2  t o  10  microns) 
used i n  p r e v i o u s  -- i n  s i t u  TRS-e lec t ro lys i s  s t u d i e s  ( '7). 
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Figure 4. 
Electron photomicrographs of the 
platinum coated IRS electrode 

a )  45,000 Dismeters, showing 
hole penetration of 
surface 

b) 7,000 Diameters, showing 
one of the "wave channels" 



PHOTO-ELECTROCHEMICAL REACTIONS IN SOLUTION 

S. P. Perone, J. R. Birk, H. E. Drew and H. E. Stapelfeldt 

Department of Chemistry 
Purdue University 

Lafayette, Indiana 47907 I 

The apparent similarity between photolytic and electrolytic 
processes in solution has prompted recent work combining photochemical 
and electrochemical techniques (1,2). Two objectives can be discerned: 
First, chemical transients present in photolytic processes can be gen- 
erated electrolytically under accurately controlled conditions, and 
their subsequent chemistry studied. The results of these studies can 
be used to interpret photochemical data. 

A second objective in this work is to use electrochemical tech- 
niques a s  a means of monitoring transient photolytic species during a 
photochemical process. Several analytical advantages are obtained in 
this way: sensitivity is available for dilute concentrations of a 
wide range of compounds; nearly the same detection limit exists for 
all electroactive compounds; and time resolution in the microsecond 
range is available. 

the photochemical processes. A Xenon flash lamp (XFX47A, Edgerton, 
Germeshausen 6 Grier, Inc., Boston, Mass.) was employed, and flash 
times of the order of 5 to 20 microseconds were obtained with about 
100 joules of U.V.-visible radiant energy. Potentiostatic measure- 
ments of transient photolytic products were made using a simple fast- 
rise potentiostat employing Philbrick SK2-V and SK2-B operational 
amplifiers (Philbrick Researches, Inc., Dedham, Mass.!. A hanging 
mercury drop electrode was used as the working electrode, and was 
placed in solution in the region of greatest photolytic activity. 
(The flash lamp itself was partially immersed in solution.) 

The flash photolysis technique was used in this work to initiate 

Results and Discussion, 

The specific objectives of the work reported here were, one, to 
follow very rapid photolytic reactions; two, to study photochemical 
processes where the electrochemical characteristics had not been Well- 
evaluated previously; and, three, to evaluate the electrochemical 
characteristics of electronically excited species. 

In order to accomplish the first objective, two instrumental 
problems had to be solved. i 
stat generated by the flash lamp discharge had to be eliminated: and 1 
the time resolution (rise-time) of the potentiostat had to be optimized.' 
In addition, the time-delayed potentiostatic method developed previ- 
ously (2) had to be modified in order to obtain kinetic data for photo- 
lytic processes with half-lives less than 1 msec. 

triggering technique which had improperly resulted in an extraneous arc 
discharge in the trigger circuit. 
the overall potentiostatic circuit, resulted in a loss of potential 

The electronic instability in the potentlo- 

1 
4 The initial potentiostat instability was traced to the flash lamp 

This arc discharge, when coupled to , 



control lasting from 50 to 2000 microseconds. This problem was solved 
by imposing directly to the flash lamp a voltage sufficient to cause 
its self-discharge. With this approach, negligible initial potentiostat 
instability was obtained. 

Fast time resolution was obtained by employing a single-amplifier 
potentiostat with greater than 1 mHz b a d  pass, coupled kith an elec- 
trolysis cell design minimizing uncompensated and total cell resis- 
tance (3). 

One chemical system chosen for study was benzophenone in 80% 
ethanol, at pH's from 7 to 13, where the dimerization of the photo- 
produce6 free radical occurs very rapidly. This system provided a real 
test of the time-resolving capabilities of the instrumentation. 

The second objective mentioned above, to demonstrate the applica- 
bility of the overall photo-electrochemical technique for processes 
where the electrochemistry was not well-defined, was accomplished by 
selecting two other systems for study: the photoreduction of Fe(II1) 
in oxalate medium, and the photoreduction of methylene blue. Although 
the general polarographic characteristics of these systems were well 
known, the nature of transient intermediates in the overall electrode 
process had not been characterized. Thus, rapid cyclic electrochemical 
investigations were carried out with these systems. Cyclic voltammetry 
and cyclic potential-step electrolysis were used with frequencies up to 
50 kHz. The semiquinone radical ion intermediate in the methylene blue 
reduction process was observed in both the photolytic and electrolytic 
experiments. The kinetics of its chemical decomposition were measured 
from both electrochemical and photochemical studies. 

Elucidation of the Fe(II1)-oxalate system involved similar elec- 
trochemical studies. However, a separate study of the electrochemistry 
of oxalate was necessary in order to interpret photo-electrochemical 1' data. 

The electrochemical detection of excited species has not been 5 
, conclusively verified in our work as of this writing. However, experi- 
mental studies are continuing along these lines. The triplet state of 

'\methylene blue, for example, has a life-time of the order of- 100 micro- 
' seconds; and, with the present time resolution of the photo-electro- 
1 chemical technique, its electrochemical characteristics ought to be 
discernible. 
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EUCTBOLYTIC (HWBEA'IIOH OP SOLVATED m R a W S  IN  A SOLVENT HIGH PROTON 
DmOU CAPABILIlp; ELeClUOLYRC BIIDUCTIOW 01 'IW BBNZENE R I N G  

Heinr Y.  Sternberg, Raymond E. Harkby, Irving Uender, and David M. Mohilner* 

U. S. Bureau of nines, 4800 Porber Avenue, Pit tsburgh, Pa. 15213 
'Department of Chenir t ry .  Colorado Sta te  University, Port  Col l ins ,  Colorado 80521 

$47 Unti l  now, e l e c t r o l y t i c  generation of rolvated electrons could be achieved on1 
rolventr  of lou donor capabi l i ty  such A 0  l iquid a-ni&/ or c e r t a i n  amines,, 
a fac t  which impored revere r e r t r i c t i o n r  on the choice of rolvent and react ion 
condi t ionr .  Attelptr ,  described below, to  generate solvated e lec t rons  e lec t ro-  
l y t i c a l l y  i n  a rolvent of r e l a t i v e l y  high proton donor capabi l i ty  ouch as ethanol 
were doorrd t o  f a i l u r e  due to  hydrogen evolution a t  a potent ia l  f a r  below t h a t  
required fo r  releare of e lec t ronr  i n t o  the rolvent .  fie recently publirhed 
dircovery*/ t h a t  heuwehylphorphoruride (-A), r(cH3)2N13w, i r  capable of 
d i r ro lv ing  a l k a l i  r e a h  prompted U A  t o  inver t iga te  uhether e l e c t r o l y t i c  gener- 
a t i o n  of solvated electron. i n  a ro lu t ion  of ethanol containing IMPA uar porsible.  

KXPBRMIIIIAL 

Ieagentr .  Lithium chlor ide ,  t e t r a l i n ,  1-octene and iMPA -re of the highert  purity 
avrL1able c o r r r c i a l l y .  
boi l ing between 89' and 92O a t  4-5  h??~ war used. 

ApDArAtur. Ihe e l e c t r o l y r i r  v e r s e l ,  dercribed previaurly,k' coar i r ted  of an ll-crll 
of 150 a1 t o t a l  capac i ty .  f ie  tuo c a p . r b . n t a  r r e  r e p ~ r a t e d  by a coarre, 25 rn 
g l a r r  f r i t .  A carbon rod (rpectrorcopic grade), 3.5 ED loag and 0.5 cm i n  d i u t e r  
rerved am the anode. 
rUrfACe rerved am the cathode. Reproducible cathode poteatialr during current  f l o r  
uere obtained by i n r c r t b g  the Luggin c a p i l l a r y  i n t o  a sleeve fo rwd  by folding over 
one edge of the  AldnUm electrode.kl  

Klec t ro ly t ic  Roduction. The e l e c t r o l y t i c  reduction of tetralin (1 rl, 7.35 mole )  
and 1-octene (1 rl, 6.37 l o l a )  w e  car r ied  out a t  a coartant  current  of 500 Y in  
60 rl of ethanol-iNPA r o l u t i o n  containiry 33 mole p c t  IPIPA, 0.3 l4 La LiCl. A t  th. 
r trrt  of tbe r l e c t r o l y e i r ,  the  cathode poten t ia l  -0 -2.5 v o l t r  ((10. Ag uire) and 
r lou ly  chnged  t o  -2.4 v o l t r  in  the courre of 25 d n u t o s  A €  d i c h  poiat the 
e l e c t r o l y r i r  war in te r rupted .  
4 t h  u t e r  and the aqueour ro lu t ion  U A ~  extracted with pentane. 'Lb. pontane 
e x t r a c t  w r  ~ l y d  in a curren t  of ni t rogen to t o m e  the  rolvent  and the reridue 
uar malyred by MI. r p e c t r a t r i c  and 6U: r t h o d r .  

l M P A  u ~ r  purif ied by VACUUI d i r t i l l a t i o n  and the fract ion 

A r o c t ~ n g u l a r  piece of rhee t  aluminum of 6.5 c d  t o t a l  i r s e d  

I h e  ro lu t ion  in the  cathode compartment war diluted 

RKSULTS MID DIrnSSIQII 

Uben A ro lu t ioa  of B B A ,  0.3 I! i n  L i C l .  i o  e lec t ro lyr rd .  dark blue globuler,  cbrac- 
t e r i r t i c  of rolvated l i thium, form a t  the  cathode ourface a t  a pot.ati.1 of -2.3 
v o l t r  (VA.  Ag r im)  and the  r o l u t i o n  in  the cathode cwpartmnt b o c m r  deep blue, 
v i r u a l  evidence that t h e  raec t ion  L i t  + e- + Li: ... e; ir  taking place. The 
h l f - l i f e  of tho rolvatod o loc t roa  at r o a  t n p a r a t u r e  r r  d e t e t r i ~ t e d  by d i r -  
eolviag l i thium in B B A  and *aruritq the docreare fa )IS1 rignal poak height v i th  
t i n .  Tho h a l f - l i f e  ID 38 minuter, 
1 5  haurr f a d  for the  b a l f - l i f e  in l iqu id  
C .  Lepartrr.81 
and the cathodo p o t e n t i a l  i s  d i f f e r e n t ,  depondiq  on tho m o t  of alcohol prerent.  
I n  .tho01 C O n t A h w  33 mole p c t .  M A ,  f o r  e r ap le ,  the blue color appearr A t  A 
cathode potent ia l  of -2.5 V O l t B  (VI. Ag uire). Boumvrr. in e& p r o ~ e u e  of both 
alcohol  and benzene the ro lu t ion  r .u inr  color le ro  &ring e loc t ro lye i r ,  with only 

a value uhich capre .  wll with that of 
am reported by J .  Corret rad 

In the  prerence of ethanol,  the i n t e n r i t y  of tb. color i r  lowr 
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a small amount of blue co lor  v i s i b l e  a t  the cathode sur face .  Proof t h a t  e l e c t r o l y t i c  
reduction of the benzene r ing  in  ethanol-MPA solu t ion  is possible was obtained by 
ek.ctrolysis of t e t r a l i n  i n  a so lu t ion  composed of 67 male p s t .  ethanol and 33 mole 

The e l e c t r o l y s i s  was ca r r i ed  out a t  a cathode po ten t i a l  
of -2 .5  t o  -2.4 v o l t s  (vs. Ag wire).  
of the recovered product by mass spectrometric and CII: methods shoved that it 

and tha t  t e t r a l i n  had been hydrogenated a t  a cur ren t  e f f ic iency  of p4 pct.  Under 
the same conditions,  1-octene was reduced t o  octane a t  a cur ren t  e f f i c i ency  of 26 
pct .  

I but In the absence of =A, copious hydrogen evolution takes place and the cathode 
po ten t i a l  during e l e c t r o l y s i s  is  nov -1.5 v o l t s  (vs. Ag wire),  i . e . ,  0.8 t o  1.0 

I v o l t  more anodic than t h a t  a t  which re lease  of e lec t rons  was observed i n t o  IMPA 
or ethanol-E@lPA solu t ion .  Under these conditions not even traces of reduced 
t e t r a l i n  could be detected i n  the recovered mater ia l .  It is remarkable t h a t  the 
r t rong  hydrogen evolution t h a t  occurs during e l e c t r o l y s i s  of ethanol a t  -1.5 vo l t s  
is d r a s t i c a l l y  reduced in the presence of as l i t t l e  as 33 mole pc t .  -A. This 

sur face  t o  the near exclusion of ethanol.  In the presence of W A ,  the  charge 
t r ans fe r  process is re lease  of e lec t rons  i n t o  the  solvent and not  hydrogen 

’ evolution. The high percentage of deca l in  in the  reac t ion  product is probably 
5 due t o  the  high proton a v a i l a b i l i t y  in the so lu t ion  containing 67 mole pct .  ethanol,  

since e l e c t r o l y t i c  reduction of t e t r a l i n  i n  ethanol-RKPA containing only 25 mole 
‘ p c t .  ethanol gave haxalin as the main product. Te t r a l in  is not reduced when the 

e l e c t r o l y s i s  i s  ca r r i ed  out i n  W A  in the absence of e thanol .  
condi t ions ,  the ca tholy te  becomes dark green colored during e l e c t r o l y s i s .  Has8 
rpectrometric ana lys i s  of the recovered reac t ion  product i nd ica t e s  the presence 
of conriderable amounts of mono- and d imethyl te t ra l in  and e m d l  amounts of dimers 
of these methyl te t ra l ine  in add i t ion  t o  unchanged s t a r t i n g  mater ia l ,  t e t r a l i n .  

On the b a s i s  of these r e s u l t s  and previous w r k  on the reduction of the  benzene 
r ing  in ethylenediamine,4/ we believe t h a t  electrochemical reduction of t he  
benzene r i n g  in etbenol-IDIPA involves addi t ion  of the solvated e l ec t ron ,  e; , t o  
the solvated benzene ring. 8,. 

’ 

\ pct .  W A ,  0.3 I4 in  L i C l .  
After completion of the e l e c t r o l y s i s ,  ana lys i s  

1 cons is ted  of (vol.  pct):  t e t r a l i n  ( 8 0 ) ,  hexalin (2) ,  o c t a l i n  (1) and deca l in  (17) ,  

When the e l ec t ro lye ia  of t e t r a l i n  i s  ca r r i ed  out under the  same condi t ions  

1 

P euggests adsorption of the ap ro t i c  bu t  highly polar21 =A a t  the e l ec t rode  

Under these  

, t 
t 

B, + e- - s + B; s 

. 
‘ 

where S ind ica tes  the  so lvent  molecules required t o  so lva te  ao electron. 
Subrequent protonation of the  benzene anion, Bi , and fu r the r  add i t ion  of e l ec t ron  
and proton coepletes the  hydrogenation of a double bond as ha8 been pointed out 

,, p r e v i o u s l y . ~ /  Apparently, the  cathode In ethanol-RKPA so lu t ion  containing alkali 
ha l ide  functions in  the sam? uay as in l i q u i d  amumidl and amines,4f i . e . ,  as an 

’ e lec t ron  electrode. 
‘1 

’* The present remltn dcronatrate f o r  the f i r s t  ti= t h a t  e l e c t r o l y t i c  generation of 
rolvated e lec t ronr  in a solvent of r e l a t i v e l y  high protoo donor capab i l i t y  is 
f e a r i b l e  and that these e lec t rons  a r e  ava i l ab le  fo r  addi t ion  to  organic coapounds. 
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MECHANISM OF CATHODIC PROCESSES ON 
THE SEMICONDUCTOR ZINC OXIDE* 

L 

T. Freund and S .  Roy Mor r i son  

S t a n f o r d  Resea rch  I n s t i t u t e  
Menlo Park,  C a l i f o r n i a  

INTRODUCTION 

I 

The u n d e r s t a n d i n g  o f  t h e  r o l e  of t h e  s o l i d  i n  c h a r g e  t r a n s f e r  p r o c e s s  on t h e  
s u r f a c e  is a n  i m p o r t a n t  O b j e c t i v e  i n  e l e c t r o c h e m i s t r y  and h e t e r o g e n e o u s  c a t a l y s i s .  
With t h i s  O b j e c t i v e ,  we have  measured t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  o f  t h e  
c a t h o d i c  r e d u c t i o n  of aqueous f e r r i c y a n i d e  +on u s i n g  a s i n g l e  c r y s t a l  of t h e  n- type 
semiconduc to r ,  z i n c  o x i d e .  P r i m a r i l y  by measu r ing  t h e  v o l t a g e - c a p a c i t y  c h a r a c t e r i s -  
t ics ,  w e  have  conc luded  t h a t  t h e  r a t e  o f  t h e  c a t h o d i c  p r o c e s s  ( t h e  measu red  c u r r e n t )  
is d e t e r m i n e d  by c h a r g e  t r a n s f e r  f rom t h e  s o l i d  t o  t h e  s o r b e d  species. Ev idence  
w i l l  be  p r e s e n t e d  t h a t  t h e  c h a r g e  t r a n s f e r  p r o c e s s  is a n  i r r e v e r s i b l e  b i m o l e c u l a r  
r e a c t i o n  gove rned  by t h e  c o n c e n t r a t i o n  of t h e  conduc t ion -band  e l e c t r o n s  a t  the sur-  
f a c e  and  t h e  c o n c e n t r a t i o n  o f  s o r b e d  o x i d i z i n g  a g e n t .  Thus, t h e  role of t h e  s o l i d  
is twofo ld :  t o  p r o v i d e  e l e c t r o n s  a t  t h e  s u r f a c e  and t o  form e l e c t r o n i c  s u r f a c e  
s t a t e s  w i t h  t h e  s o r b e d  o x i d i z i n g  a g e n t .  

While Dewald h a s  r e p o r t e d '  i n  d e t a i l  d a t a  for  t h e  v o l  t a g e - c a p a c i t a n c e  b e h a v i o r  
of t h e  Z n O / e l e c t r o l y t e  s y s t e m  i n  t h e  a b s e n c e  of r e d u c i n g  or o x i d i z i n g  a g e n t s ,  h i s  
r e p o r t e d '  d a t a  f o r  t h e  c u r r e n t - v o l t a g e  b e h a v i o r  w i t h  h e x a c y a n o f e r r a t e  i o n s  w a s  v e r y  
i n c o m p l e t e .  T h i s  l a c k  o f  e x p e r i m e n t a l  d a t a  f o r  v o l t a g e ,  c a p a c i t a n c e ,  c u r r e n t ,  and 
c o n c e n t r a t i o n  r e l a t i o n s  prompted u s  to i n v e s t i g a t e  i n  d e t a i l  t h i s  c h e m i c a l l y  s i m p l e  
f e r r o u s - f e r r i c  r edox  c o u p l e  on  a s i n g l e  f a c e  o f  s i n g l e  c r y s t a l  z i n c  o x i d e .  We be- 
l i e v e d  t h i s  t o  b e  i m p o r t a n t  b e c a u s e  ou r  p r e v i o u s  s t u d i e s , 3  c a r r i e d  o u t  i n  c o n n e c t i o n  
w i t h  t h e  ZnO p h o t o c a t a l y z e d  r e a c t i o n  o f  oxygen and f o r m a t e  i o n s  i n d i c a t e d  t h a t  

ABSTRACT 

The c a t h o d i c  r e d u c t i o n  o f  t h e  aqueous f e r r i c y a n i d e  i o n  was i n v e s t i g a t e d  on a 
s i n g l e  c r y s t a l  z i n c  o x i d e  e l e c t r o d e .  The e x p e r i m e n t a l  r e s u l t s  s u b s t a n t i a t e  t h a t  t h i s  
chemica l  r e d u c t i o n  p r o c e s s  obeys t h e  model u sed  i n  semiconduc to r  p h y s i c s  for  elec- 

\ t r o n  c a p t u r e  by s u r f a c e  s t a t e s .  I t  is c o n c l u d e d  t h a t  t h e  r a t e  d e t e r m i n i n g  s t e p  of 
t h e  r e d u c t i o n  p r o c e s s  is t h e  c a p t u r e  of e l e c t r o n s  from t h e  c o n d u c t i o n  band of t h e  
ZnO by t h e  s o r b e d  f e r r i c y a n i d e  i o n s .  T h i s  p r o c e s s  was shown t o  be i r r e v e r s i b l e ,  
i . e . ,  e l e c t r o n s  are n o t  t r a n s f e r r e d  from s o r b e d  f e r r o c y a n i d e  ( r e d u c e d  f e r r i c y a n i d e )  
t o  t h e  semiconduc to r  e l e c t r o d e .  The c a p a c i t a n c e ,  v o l t a g e  and c u r r e n t  were measured 
a s  a f u n c t i o n  of t h e  c o n c e n t r a t i o n .  The r a t e  o f  f e r r i c y a n i d e  r e d u c t i o n  was measured 

* P a r t  of t h i s  work was s u p p o r t e d  by a g r o u p  o f  i n d u s t r i a l  compan ies  s p o n s o r i n g  a 
program i n  h e t e r o g e n e o u s  c a t a l y s i s  and p a r t  of t h i s  work bas pe r fo rmed  f o r  J e t  
P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  of Technology, s p o n s o r e d  by N a t i o n a l  
A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n  u n d e r  C o n t r a c t  NAS7-100. 

h 



c l e c t r c x l c  b.r&.esscs on ZnO c s n  bc I r r e v c r s i b l e .  Our c o n c l u s i o n  conce rn ing  r e v e r s i -  
b l l i t y  was I n  d i s a g r e e m e n t  w i t h  Dewald 's  i n t e r p r e t a t i o n  f o r  Pe;CN8-'), which was i n  
t e rms  of a r e v e r s i b l e  redox r e a c t i o n  c h a r a c t e r i z e d  bv a Helmholtz  p o t e n t i a l .  In a 
r ev iew paper' C c r i s h c r  came . t o  t h e  same c o n c l u s i o n  as Dewald. I n  t h i s  communication, 
w e  w i l l  present  d e t a i l e d  e v i d e n c e  for t h e  i r r e v e r s i b i l i t y  of c a t h o d i c  p rocesses  on 
ZnO ,as i l l u s t r a t e d  bv t h e  r e d u c t i o n  of Fc!CN.,": 

I 

EXPER I MENTAL 

The b o r o s l l l c a t i !  g l a s s  c l e c t r o c h e m i c a l  c e l l  used  c o n t a i n e d  il z i n c  ox ide  s i n g l e  
c r y s t a l  ?s one e l e c t r o d e ,  a p l a t inum wire a s  t h e  working e l e c t r o d e ,  and a s a t u r a t e d  
KCl calomel  r e f e r e n c e  e l e c t r o d e .  The i O 0 O l ' '  f a c e  of t h e  c r y s t a l  was used a f t e r  
l a p p i n g  and then  e t c h i n g  w i t h  85 p e r c e n t  H,#), for a minimum of  t e n  minu tes .  The 
a r e a  o f  z i n c  o x i d e  exposed  t o  t h e  e L e c t r o l y t e  mas t h e  o r d e r  of 6m8.' 

' The  e l e c t r o l y t e  c o n t a i n e d  1Y KC1 and was buf fe r+  wi th  BO,-/HBO, ( 0 . 2 M  in t o t a l  
boron! t o  il pH of 8 . 8  2 0 . 1 .  The ferri-  aad  f e r r o c y a n i d e  rere added a s  t h e  potas- 
sium s a l t s  and t h e  pH of t h e  b u f f e r  was a d j u s t e d  if n e c e s s a r y ,  The chemica l s  e m -  
p loyed were Reagent g r a d e  and were used wi thou t  p r r l f l c a t i o n .  A l l  e l e c t r i c a l  mea- 
su remen t s  were madc w i t h  s o l u t i o n s  deoxygenated i n  , s i t u  by b u b l i n g  w i t h  u n p u r i f i e d  
tank n i t r o g e n .  In  n o  c a s e  c o u l d  more t h a n  5 percen t  of t h e  c u r r e n t  be a t t r i b u t e d  
t o  any s u b s t a n c e  o t h e r  t h a n  Fe(CN),-'. That  is, t h e  c u r r e n t  a t  any g i v e n  v o l t a g e  

. w u s  i n c r e a s e d  by a t  l e a s t  a f a c t o r  o f  20 w i t h  t h e  a d d i t i o n  o f  Fe(CN),,-' t o  t h e  KC1 
b u f f e r e d  s o l u t i o n .  

Three t y p e s  o f  measurements  were made: (1: t h e  c u r r e n t  t h rough  t h e  ZnO, ( 2 )  
t h e  c a p n c l t a n c e  between t h e  ZnO and t h e  p l a t inum e l e c t r o d e s ,  a n d  (3) t h e  v o l t a g e  of 
t h e  ZnO with r e s p e c t  t o  n s a t u r a t e d  KC1 ca lomel  e l e c t r o d e  (m). The v a l u e s  of t h e  
c a p a c i  tancc,  v o l t a g e .  and c u r r e n t  r e p o r t e d  are s t e 8 d y - s t a t e  measurements  and were 
shown t o  b e  i ndependen t  o f  stirring. A l l  measuremonte were made i n  t h e  da rk .  The 
c a p a c i t a n c e  was measured a t  a f r equency  of 1 kc .  

Two t y p e s  of measurements ,  t h e  c u r r e n t  as  f u n c t i o n  o f  t h e  a p p l i e d  v o l t a g e  and 
t h e  c a p a c i t a n c e  a s  a f u n c t i p n  of v o l t a g e ,  w e r e  made a t  v a r i o u s  f e r r i c y a n i d e  concen- 
t r a t i o n s  frau 0.7Y t o  7xlO-'M w i t h  and w i t h o u t  added f e r r o c y a n i d e .  F i g u r e s  1 and 2 
show t y p i c a l  r e s u l t s  f o r  t h e  two t y p e s  o f  measurements .  

F i g u r e  1 s h w s  d a t a  for t h e  c a t h o d i c  c u r r e n t ,  J, v s  t h e  a p p l i e d  v o l t a g e ,  V, 
f o r  two s o l u t i o n s  b o t h  c o n t a i n i n g  7x10-' f e r r i c y a n i d e .  
i n  t h a t  one c o n t a i n s  n o  f e r r o c y a n i d e  and t h e  o t h e r  was 7xlO-'Y i n  f e r r o c y a n i d e .  The 
d a t a  f o r  both s o l u t i o n s  are i d e n t i c a l  w i t h i n  e x p e r i m e n t a l  error. The l i n e a r i t y  Of 
t h e  dependence of l o g  J v s  V s h w n  i n  F i g u r e  1 is t y p i c a l  for a l l  s o l u t i o n s  exam- 
ined.  I n  t h e  r ange  o f  c u r r e n t  i n v e s t i g a t e d ,  f r m  1 to  1000 na, p l o t s  of t h e  log J 
v s  V f o r  a l l  s o l u t i o n s  showed slopes c o r r e s p o n d i n g  to 60 2 9 mv pe r  decade change 
i n  c a t h o d i c  c u r r e n t .  T y p i c a l l y  a l l  s o l u t i o n .  i n c l u d i n g  t h o s e  c o n t a i n i n g  f e r rocya -  
n i d e  gave  a n o d l c  c u r r e n t s  below 5 na u p  t o  a n o d i c  v o l t a g e s  a s  h i g h  as  10 V v s  BCE. 

The s o l u t i o n s  d i f f e r  only 

4 

The 1 
c l u d i  

F i g u r e  2 s h w s  t h e  v o l t a g e  dependence of t h e  c a p a c i t a n c e  p l o t t e d  a s  l iC'  vs v. 
i n e a r i t y  of t h e  e x p e r i m e n t a l  d a t a  is t y p i c a l  o f  a l l  s o l u t i o n s  i n v e s t i g a t e d  i n -  
ng those free of i r o n  s a l t s .  The v a l u e  o f  t h e  ZnO v o l t a g e  v s  SCB a t  1jC'  - 0 

I n  p r a c t i c e ,  t h e  l i n e a r  p o r t i o n  o f  l / C 1  vs v 

,; 

/ is c a l l e d  t h e  f l a t  band v o l t a g e ,  V,. 
is e x t r a p o l a t e d  t o  1 C' = 0, since d e v i a t i o n s  frm s i m p l e  t h e o r y  a r e  known' to 
-Cur nea r  VO. Ihe s u r f a c e  b a r r i e r ,  Vs, is r e l a t e d  t o  the ZnO v o l t a g e  vs Sa, v, 
by 4. 1; i n  o u r  e x p e r i m e n t s  Vs a lways  h a s  a p o s i t i v e  va lue .  

, 



193 
The s i g n l f i c a n c e  of t h e  p a r a m e t e r s ,  t h e  s u r f a c e  b a r r i e r  and t h e  f l a t  band v o l t a g e  
w i l l  b e  p r e s e n t e d  i n  t h e  "Discuss ion"  i n  terms of semiconduc to r  c o n c e p t s .  Fo r  t h e  
P r e s e n t ,  t h e y  w i l l  be t a k e n  s i m p l y  a s  c o n v e n i e n t  v a r i a b l e s .  

The v a l u e s  of V, f o r  t h e  v a r i o u s  s o l u t i o n s  r e p o r t e d  i n  t h i s  pape r  r anged  from 
-0.370 to  -0.410 V vs SCE. The v a r i a t i o n s  i n  V, were n o t  s y s t e m a t i c  and hence t h e i r  
o r i g i n  is n o t  known. 

F i g u r e  3 is  p l o t  o f  t h e  l o g  of t h e  [Fe(CN)6-31 v s  t h e  s u r f a c e  b a r r i e r ,  Vs, a t  
c o n s t a n t  c u r r e n t  of 10 n a .  The p l o t  is l i n e a r  and t h e  s l o p e  c o r r e s p o n d s  t o  a s u r -  
f a c e  b a r r i e r  change  of 0.06 V p e r  t e n f o l d  change i n  c o n c e n t r a t i o n .  

The above e x p e r i m e n t a l  d a t a  c a n  be summarized e m p i r i c a l l y  by Eq. ( Z ) ,  where  k 
is a p r o p o r t i o n a l i t y  c o n s t a n t  i ndependen t  of v o l t a g e  and c o n c e n t r a t i o n .  

i 1 
J = k [Fe(CN,-3]  e x p  I(", - V ) / O . O 2 5 )  

P r e l i m i n a r y  i n v e s t i g a t i o n s  w i t h  s e v e r a l  o t h e r  o x i d i z i n g  a g e n t s ,  i n c l u d i n g  
Cu( 11), I (  0), Mn( V I I ) ,  O( - I ) ,  i n d i c a t e  s imi la r  b e h a v i o r ,  a t  l e a s t  q u a l i t a t i v e l y .  

THEORETICAL MODEL 

We w i l l  p r e s e n t  a rgumen t s  s u p p o r t e d  by t h e  above r e s u l t s  t o  show: ( 1 )  t h e  
changes  i n  t h e  a p p l i e d  v o l t a g e  a l l  o c c u r  w i t h i n  t h e  semiconduc to r  and t h a t  t h e  ca- 
t h o d i c  c u r r e n t  i s  dominated i n  i ts  v o l t a g e  dependence  by t h e  p r o p e r t i e s  o f  the semi- 
c o n d u c t o r ;  ( 2 )  
1 s  i r r e v e r s i b l e  s i n c e  t h e  r e v e r s e  reaction, t h e  o x i d a t i o n  o f  F e ( I I ) ,  d o e s  n o t  pro- 
c e e d  a t  a n  a p p r e c i a b l e  r a t e .  The l a c k  of t h e  o x i d a t i o n  r e a c t i o n  is a t t r i b u t e d  t o  
t h e  d i f f i c u l t y  of i n j e c t i n g  e l e c t r o n s  f r o m  s o r b e d  o x i d i z i n g  a g e n t  i n t o  t h e  conduc- 
t i o n  band of t h e  ZnO; ( 3 )  t h e  r e a c t i o n  r a t e , i s  f i r s t  o r d e r  i n  t h e  c o n c e n t r a t i o n  of 
r e d u c i b l e  s p e c i e s  on t h e  s u r f a c e .  

t h e  e l e c t r o c h e m i c a l  r e d u c t i o n  r e a c t i o n  i s  a o n e - e l e c t r o n  p r o c e s s  and 

i 
The a rgumen t s  a r e  most e a s i l y  p r e s e n t e d  i n  t e r m s  o f  a n  e l e c t r o n i c  e n e r g y  band 

d i ag ram.  F i g u r e  4 shows a band d i a g r a m  of t h e  n- type semiconduc to r  ZnO w i t h  acceptor 
s u r f a c e  s t a t e s .  The a b s c i s s a  is d i s t a n c e  from t h e  z i n c  o x i d e  s u r f a c e  which is i n  
c o n t a c t  w i t h  t h e  e l e c t r o l y t e  s o l u t i o n ;  t h e  o r d i n a t e  is  t h e  p o t e n t i a l  e n e r g y  o f  an 
e l e c t r o n .  Wi th in  t h e  s o l i d  t h e r e  a r e  t h r e e  e n e r g y  r e g i o n s :  t w o  have  a l l o w e d  e l e c -  
t r o n i c  l e v e l s ,  
r e g i o n ,  t h e  e n e r g y  g a p  which is a b o u t  3 e V .  W i t h i n  t h e  gap, t h e r e  is  a donor  l e v e l  
l o c a t e d  s l i g h t l y  below t h e  bo t tom of t h e  c o n d u c t i o n  band. The d o n o r s  a s s o c i a t e d  
w i t h  t h i s  l e v e l  r e s u l t  from t h e  s t o i c h i o m e t r i c  excess o f  z i n c  i n  z i n c  o x i d e  a n d  a r e  
presumably e i t h e r  i n t e r s t i t i a l  z i n c  atoms or o x i d e  i o n  v a c a n c i e s .  S i n c e  t h e y  a r e  
i o n i z e d  a t  room t e m p e r a t u r e s ,  t h e y  are  shown a s  "t." The c o n d u c t i o n  band e l e c t r o n s  
a r e  i n d i c a t e d  by "-" a t  t h e  bo t tom o f  t h e  c o n d u c t l o n  band.  I t  s h o u l d  b e  n o t e d  t h a t  
t h e  i o n i z e d  d o n o r s  a r e  immobile c h a r g e s  a t  room t e m p e r a t u r e  in c o n t r a s t  t o  conduc- 
t i o n  band e l e c t r o n s .  

\ 

t h e  v a l e n c e  and c o n d u c t i o n  bayds; s e p a r a t i n g  them is a f o r b i d d e n  

I 

\ 

\ 

\ 

I 

I 
An a l l o w e d  e l e c t r o n i c  e n e r g y  l e v e l  on  t h e  s u r f a c e  is i n d i c a t e d  by X; s u c h  a 

s u r f a c e  s t a t e  c a n  be c r e a t e d  by s o r p t i o n  of a chemica l  species from t h e  e l e c t r o l y t e  
s o l u t i o n .  We 
w i l l  r e s t r i c t  t h i s  symbol t o  t h e  s u r f a c e  s ta te  c r e a t e d  by s o r p t i o n  o f  Fe(CN)6-3. 
W e n  t h i s  s t a t e  is e l e c t r o n i c a l l y  o c c u p i e d  ( X  ) ,by t h e  a d d i t i o n  o f  a n  e l e c t r o n  i t  
is e q u i v a l e n t  t o  s o r b e d  Fe( CN) ,-*. 

I t  is shown a t  a n  ene rgy ,  E, below tpe t o p  o f  t h e  c o n d u c t i o n  band. 

1, 
A p o t e n t i a l  g r a d i e n t ,  i n  t h e  r e g i o n  O <  x Q xo, is i n d i c a t e d  by t h e  bending of 

where q is t h e  e l e c t r o n i c  c h a r g e .  

\ 
b a n d s .  The e x t e n t  Of t h e  bend ing  i s  i n d i c a t e d  by t h e  e n e r g y  o f  t h e  s u r f a c e  b a r r i e r ,  
qVs, The s u r f i c e  b a r r i e r  is  a s s o c i a t e d  w i t h  t h e  

I! " 
I 



. 
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d o u b l e  l a y e r  formed by t h e  i o n i z e d  donors  i n  t h e  e l e c t r o n  d e l l l e t i o n  l a y e r  ,o<x<x, ,  
and t h e  compensa t ing  n e g a t i v e  c h a r g e  a r i s i n g  from cha rged  s u r f a c e  s t a t e s  and i o n s  ir. 
t h e  e l e c t r o l y t e .  Because of t h e  e l e r t r i c a l  compcnsa t ion  of t h e  i o n i z e d  donors  i n  
t h e  e l e c t r o n  d e p l e t i o n  r e g i o n  by Ions  i n  s o l u t i o n .  t h e  s u r f a c e  b a r r i e r  c a n  be con- 
t r o l l e d  by t h e  e x t e r n a l l y  a p p l i e d  v o l t a g e  i n  t h e  c l e c t r o c h c m i c a l  c e l l .  I t  shou ld  b e  
no ted  t h a t  i n  t h e  i n t e r i o r  o f  t h e  c r y s t a l  , x  xo t h e  c h a r g e  of i o n i z e d  donors  a r e  
c w p e n s a t e d  by t h e  n e g a t i v e l y  cha rged  conduct  ion band c l c c t r o n s .  1 

The surface b a r r i e r  c a n  be measured e x p e r i m e n t a l l y  by t h e  c a p a c i t a n c e .  A r ig-  
orous deve lopaen t  of t h e  i n t e r p r e t a t i o n  of t h e  e x p c r i m c n t a l l y  measured c a p a c i t a n c e  
and v o l t a g e  is g i v e n  I n  t h e  appendix. .  The s u r f a c e  b a r r i e r ,  V,, is r e l a t e d  t o  t h e  
d e p t h  of t h e  d e p l e t i o n  r e g i o n  xo (shown i n  F i g .  4 '  by t h e  S c h o t t k y  r e l a t i o n , 5  
Eq. (3 , v h e r e  q is  t h e  e l e c t r o n i c  cha rge ,  ND t h e  d e n s i t y  o f  t h c  i o n i z e d  donors,  8 

t h e  d i e l e c t r i c  c o n s t a n t  for z i n c  oxide,  and g o  t h e  p e r m i t t i v i t y  o f  vacuum. 
1 

The v a l u e  of V, c a n  be o b t a i n e d  e x p e r i m e n t a l l y  when t h e  S c h o t t k y  r e l a t i o n  is 
v a l i d  th rough  t h e  c a p a c i t a n c e  measurement.  The d i f f e r e n t i a l  c a p a c i t a n c e ,  C, can be 
used to  de te rmine  t h e  t h i c k n e s s  of t h e  d e p l e t i o n  l a y e r  by t h e  parallel p l a t e  capac-  
i t o r  r e l a t i o n s h i p .  Eq. , 4 ! ,  where A is t h e  a r e a .  

xo = Acc. 
C ( 4 )  

S u b s t i t u t i o n  of Eq. , 4 )  i n  Eq. 13)  g i v e s  Eq. (51, a r e l a t i o n s h i p  between t h e  
s u r f a c e  b a r r i e r  and a m e a s u r a b l e  q u a n t i t y ,  t h e  c a p a c i t a n c e .  

Vs = 4 qN#'pE,(l;C2) ( 5) 
\ 

S i n c e  w e  found e x p e r i m e n t a l l y  f j r  each  s o l u t i o n  t h a t  V is l i n e a r l y  dependent  
on l / C a  ! e . g . ,  F i g .  1,  and from the  above semiconduc to r  t h e o r y  Vs h a s  t h e  same de-  
pendencc on 1 'Ca ,  i t  f o l l o w s  t h a t  Vs d i f f e r s  from V by a c o n s t a n t  g i v e n  i n  Eq. ( 1 ) .  
T h i s  c o n s t a n t ,  V,, is t h e  sum o f :  t h e  v o l t a g e  d i f f e r e n c e  between t h e  Fermi l e v e l s  
a t  t h e  s u r f a c e  and i n  t h e  i n t e r i o r  of l ! the c r y s t a l  a t  f l a t  band c o n d i t i o n ,  t h e  
Helmholtz  and  Gouy p o t e n t i a J s  a t  t h e  s o l u t i o n  s i d e  o f  t h e  ZnO electrode and t h e  

I 

I1 

f 
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d u c t o r  t o  a s i n g l e  t y p e  of s u r f a c e  s t a t e  f o r  a n  i r r e v e r s i b l e  r e a c t i o n  s h o u l d  have  
t h e  magn i tude  g i v e n 5  by Eq. ( 6 ) .  

The e l e c t r o n  c u r r e n t  d e n s i t y ,  J, p a s s i n g  f r u n  t h e  c o n d u c t i o n  band of a semicon- 

~ = q S u [ x ] n  

- 
The c u r r e n t  is p r o p o r t i o n a l  t o  t h e  a v e r a g e  t h e r m a l  v e l o c i t y  o f  e l e c t r o n s ,  c; t h e  
c o n c e n t r a t i o n  of t h e  u n f i l l e d  s u r f a c e  states, [ X i ;  t h e  cross s e c t i o h  of t h i s  s t a t e  
for  e l e c t r o n  c a p t u r e ,  a; and t h e  e l e c t r o n  d e n s i t y  a t  t h e  s u r f a c e ,  n .  The e l e c t r o n  
c o n c e n t r a t i o n  i n  t h e  c o n d u c t i o n  band a t  t h e  s u r f a c e ,  n, is g i v e n 6  by t h e  i o n i z e d  
donor  d e n s i t y  of  t!e ZnO m u l t i p l i e d  by t h e  Boltzmann f a c t o r  a s s o c i a t e d  wi th  Vs, 
i .e . ,  ND e x p  (-qV,/kT); t h e r e f o r e ,  Eq. ( 6 )  c a n  b e  e x p r e s s e d  a s  Eq. ( 7 ) .  

J = q c u [ X i  ND e x p  ( -qVs/kT) ( 7 )  

T h e r e f o r e ,  Eq. ( 7 )  c o n t a i n s  t h e  a s s u m p t i o n s  t h a t  t h e  c o n d u c t i o n  band e l e c t r o n s  a t  
t h e  s u r f a c e  a r e  i n  t h e r m a l  e q u i l i b r i u m  w i t h  t h e  i n t e r i o r  and t h a t  t h e i r  c o n c e n t r a -  
t i o n  a t  t h e  s u r f a c e  i s  n o t  a p p r e c i a b l y  d i s t u r b e d  by t h e  c a t h o d i c  c u r r e n t s .  I m p l i c i t  
i n  t h i s  f o r m u l a t i o n  i s  t h e  a b s e n c e  of any t u n n e l i n g  e f f e c t s ;  w e  b e l i e v e  t h e s e  s h o u l d  
b e  n e g l i g i b l e .  

The t h e o r e t i c a l  r e l a t i o n s h i p ,  Eq. ( 7 ) ,  between t h e  c u r r e n t  and t h e  s u r f a c e  
b a r r i e r  c a n  be  compared t o  our e x p e r i m e n t a l  f i n d i n g ,  Eq. ( 2 ) ,  i n  o r d e r  t o  f i n d  t h e  
r e l a t i o n s h i p  between t h e  [ X I ,  t h e  d e n s i t y  o f  u n f i l l e d  s u r f a c e  s t a t e s  and t h e  
[Fe(  CN) 6-3 ] ,  t h e  c o n c e n t r a t i o n  o f  o x i d i z i n g  a g e n t  i n  s o l u t i o n .  S i n c e  (q /kT)  a t  
room t e m p e r a t u r e  h a s  a v a l u e  of  1 /0 .025  a compar i son  o f  Eq. ( 7 )  and Eq. ( 2 )  g i v e s  
Eq. ( 8 ) .  

The s i m p l e s t  e x p l a n a t i o n  f o r  t h e  l i n e a r i t y  of  t h e  c o n c e n t r a t i o n  o f  s o r b e d  f e r -  
r i c y a n i d e  w i t h  t h e  c o n c e n t r a t i o n  i n  s o l u t i o n  is  t o  assume t h e  l i n e a r  i s o t h e r m  ex-  
p r e s s e d  by Eq. ( 9 )  w i t h  t h e  e q u i l i b r i u m  c o n s t a n t  K. 

T h i s  a s s u m p t i o n  i m p l i e s  t h a t  t h e  r a t e  of t h e  e l e c t r o n  c a p t u r e  p r o c e s s  i s  slow com- 
pared  to  t h e  r a t e  of  d e s o r p t i o n  of  Fe(CN)6-3 so t h a t  t h e  [ X I  is n o t  a p p r e c i a b l y  
lowered by t h e  c u r r e n t  o f  t h e  c a t h o d i c  r e a c t i o n .  This s i m p l e  a s s u m p t i o n  was borne 
o u t  e x p e r i m e n t a l l y  i n  t h e  r a n g e s  o f  c u r r e n t  and c o n c e n t r a t i o n s  i n v e s t i g a t e d  s i n c e  
t h e  c u r r e n t ,  J, was l i n e a r l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  i n  s o l u t i o n ,  
[Fe(  CN) 6-31 a t  c o n s t a n t  V,. 
of u n f i l l e d  s u r f a c e  s t a t e s ,  may be w r i t t e n  i n  terms of  t h e  e x p e r i m e n t a l  v a r i a b l e ,  
t h e  c o n c e n t r a t i o n  f e r r i c y a n i d e  i o n  i n  s o l u t i o n ,  by t h e  u s e  of  Eq. (9)  t o  g i v e  Eq.(10). 

E q u a t i o n  ( 7 ) ,  t h e  c u r r e n t  as a f u n c t i o n  of  t h e  d e n s i t y  

J = q c u K [Fe(  CN) 6-31 ND e x p  ( -qVs/kT) (10) 

The s u b s t a n t i a l  agreement  of t h e  t h e o r e t i c a l  model w i t h  t h e  e x p e r i m e n t a l  re- 
s u l t s  ( t h e  0.06V change i n  t h e  s u r f a c e  b a r r i e r  per decade  change i n  i r o n  c o n c e n t r a -  
t i o n  and t h e  l i n e a r  p r o p o r t i o n a l i t y  be tween  t h e  c u r r e n t  and t h e  i r o n  c o n c e n t r a t i o n )  
l e a d s  t o  t h e  f o l l o w i n g  c o n c l u s i o n s :  

1. The r a t e  l i m i t i n g  s t e p  i n  t h i s  r e d u c t i o n  p r o c e s s  is t h e  t r a n s f e r  of  e l e c -  
. t r o n s  from t h e  s o l i d  t o  t h e  s u r f a c e  s ta te .  The rate is f i r s t  o r d e r  i n  t h e  
d e n s i t y  of e l e c t r o n s  a t  t h e  s u r f a c e  of t h e  s o l i d ,  ND e x p  (-qVs/kT), and 
f i r s t  order i n  t h e  d e n s i t y  o f  u n f i l l e d  s u r f a c e  s t a t e s ,  [ X I .  



10.; 

2 .  In  t h e  c u r r e n t  and c o n c e n t r a t i o n  r a n g e s  i n v e s t i g a t e d  t h e  d e n s i t y  of un- 
f i l l e d  s t a t e s  is de te rmined  by t h e  e q u i l i b r i u m  l i n e a r  a d s o r p t i o n  i so the rm 
for FciCN: 6 - ' ;  moreover t h e  d e s o r p t i o n  of f i l l e d  s u r f a c e  s t a t e s  a s  Fe(aQ-' 
is r a p i d  compared t o  t h e  e l e c t r o n i c  p r o c e s s .  

3. The u n i d i r e c t i o n a l  n a t u r e  o f  t h e  e l e c t r o n  t r a n s f e r  assumed i n  o u r  model is 
confirmed by t h e  l a c k  o f  dependence of t h e  c u r r e n t  on t h e  Fel(CN)e-4 concen- 
t r a t  i o n .  

D I SCUS S I ON 

Before  a n a l y z i n g  i n  d e t a i l  t h e  i m p l i c a t i o n s  o f  t h e  semiconduc to r  s u r f a c e - s t a t e  
model and  o u r  r e s u l t s ,  i t  may be h e l p f u l  t o  d e s c r i b e  sane r e a s o n s  a c c o u n t i n g  t o r  
o b s e r v i n g  t h e  s i m p l e  b e h a v i o r  of s u r f a c e  s t a t e s  i n  t h e  z i n c  o x i d e i f e r r i c y a n i d e  s y s -  
t e m .  The f i r s t  r e a s o n  I s  c o n n e c t e d  wi th  t h e  e l e c t r o d e  m a t e r i a l  be ing  a semiconduc- 
to r  and the second is connec ted  w i t h  t h e  chemica l  s i m p l i c i t y  of t h e  behav io r  of t h e  
hexacyanofe r ra  te i o n .  

For a semiconduc to r .  i n  c o n t r a s t  t o  a meta l ,  i t  is p o s s i b l e  t o  v a r y  t h e  e l e c t r o n  
c o n c e n t r a t i o n  a t  t h e  s u r f a c e  by t h e  a p p l i e d  v o l t a g e  and to  measure t h l s  concen t r a -  
t i o n  by the  c a p c i  t a n c e .  However, s t a r t i ng  w i t h  t h e  c l a s s i c a l  s emiconduc to r / e l ec -  
t r o l y t e  i n v e s t i g a t i o n s  of B r a t t a i n  and Garrett '  i t  h a s  become e v i d e n t  t h a t  n o t  a l l  
semlconductor/electrolyte s y s t e m s  a r e  s imple ,  e.g., Ge." 
i t y  of o u r  r e s u l t s  a d d s  to t h e  many advan tages  t h a t  Body' h a s  r e c e n t l y  po in t ed  acIt 
f o r  ZnO 
obeyed s imple  s o l i d - s t a t e  t h e o r y  f o r  a s emiconduc to r .  I n  t h e  course o f  p re l imina ry  
s t u d i e s  we d i d  no t  f i n d  any- c a m o n  l a b o r a t o r y  r e d u c i n g  a g e n t s  which would i n j e c t  
e l e c t r o n s  i n t o  ZnO. 

We f e e l  t h a t  t h e  s impl i c -  

Dewals 'd '  p i o n e e r i n g  work wi th  Z n O / e l e c t r o l y t e  showed t h a t  t h i s  system 

The second r e a s o n  f o r  p r e d i c t i n g  a s i m p l e  b e h a v i o r  o f  t h e  ZnO/Pe(CN),-'system 
is conce rned  w i t h  t h e  chemica l  n a t u r e  o f  t h e  s i x  c o o r d i n a t e  i r o n .  F e r r i c y a n i d e  i o n  
on  s o r p t i o n  would b e  e x p e c t e d  t o  form a s i n g l e  t y p e  o f  s u r f a c e  s t a t e  and t h e  chem- 
i c a l  r e d u c t i o n  of t h i s  s u r f a c e  s t a t e  would b e  e x p e c t e d  to  be s i m p l e  e l e c t r o n  c a p t u r e  
w i t h o u t  any chemlca l  r e a r r a a e m e n t s .  (Xlr e x p e c t a t i o n  w a s  based  on t h e  known aqueous 
c h e m i s t r y  o f  h e x a c y a n o f e r r a t e  i o n s ,  i .e., one -equ iva len t  r e d u c t i o n  of Pe( 111) 
norma l Ip  occurs by s ing le  e l e c t r o n  t r a n s f e r  w i t h o u t  atom t r a n s f e r  ( b o t h  o x i d a t i o n  
s t a t e s  a r e  r e l a t i v e l y  i ne r t  t o  chemica l  s u b s t i t u t i o n ) .  

I t  shou ld  n o t  b e  a n t i c i p a t e d  t h a t  a l l  so lu t ions  c o n t a i n i n g  o x i d i z i n g  agen t s  
w i l l  e x h i b i t  t h e  s i m p l e  b e h a v i o r  d e s c r i b e d  by Eq. ( 1 0 ) .  F i r s t ,  a m u l t i p l i c i t y  of 
t y p e s  o f  u n f i l l e d  s ta tes  may be p r e s e n t ;  t h e s e  c o u l d  arise from f a c t o r s  such  a s  
m u l t i - e q u i v a l a n c e  o f  t h e  o x i d i z i n g  a g e n t ,  inhomogenous s u r f a c e s ,  and t h e  p re sence  
o f  more than one  o x i d i z i n g  a g e n t  i n  t h e  s o l u t i o n .  F o r  s u c h  cases Bq. (6 )  must be 
r e p l a c e d  wi th  Bq. ( 1 1 )  where t h e  summation is carried o u t  o v e r  t h e  c o n c e n t r a t i o n  
of t h e  v a r i o u s  s u r f a c e  s t a t e s ,  X i ,  w i t h  t h e  a p p r o p r i a t e  electron c a p t u r e  cross- 
qectlons, T ~ .  

mile Bq. ( 111, i n v o l v i n g  s u r f a c e  c o n c e n t r a t i o n s ,  is a lways  v a l i d  f o r  i r r e v e r s i b l e  
e l e c t r o n  c a p t u r e  p r o c e s s e s ,  a second  class of c o m p l i c a t i o n  can arise. 
arises when t h e  c u r r e n t  is e x p r e s s e d  a s  a f u n c t i o n  of s o l u t i o n  c o n c e n t r a t i o n s  Of 
t h e  o x i d i z i n g  a g e n t s  and  may i n v o l v e  factors s u c h  a s :  m u l t i - e q u i v a l e n c e  of t h e  
o x i d l z l n g  a g e n t s ,  slow s o r p t i o n  or d e s o r p t i o n ,  or n o n - l i n e a r i t y  of i so the rms .  F o r  
s u c h  k i n e t i c  f e a t u r e s ,  t h e  c u r r e n t  c a n  become n o n - l i n e a r  i n  electron c o n c e n t r a t i o n  
a t  t h e  s u r f a c e  a s  w e l l  a s  s o l u t i o n  c o n c e n t r a t i o n s .  

T h i s  C l a s s  
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I t  h a s  n o r m a l l y  been  t h e  custom t o  t r e a t  t h e o r e t i c a l l y  s e m i c o n d u c t o r  e l e c t r o d e s  

uy a n  approach  e q u i v a l e n t  t o  m e t a l  e l e c t r o d e s  and t o  d i s c u s s  r e d u c t i o n  or o x i d a t i o n  
e l e c t r o c h e m i s t r y  i n  terms of d e v i a t i o n  from t h e  r e v e r s i b l e  p o t e n t i a l .  T h i s  approach 
is t h e o r e t i c a l l y  v a l i d ,  b u t  t h e  model may be  of l i t t l e  v a l u e  i n  i n t e r p r e t i n g  e x p e r i -  
mental  r e s u l t s .  The i n v a r i a n c e  of t h e  Helmholtz  p o t e n t i a l  and t h e  i r r e v e r s i b i l i t y  
Of t h e  c u r r e n t  a r e  two i n d i c a t i o n s  t h a t  t h e  r e v e r s i b l e  p o t e n t i a l  model i s  n o t  a p p l i -  
c a b l e  h e r e .  

F i r s t  w e  w i l l  d i s c u s s  t h e  i n v a r i a n c e  of  t h e  He lmho l t z  v o l t a g e  f o r  t h e  2 n d  
Fe(CN) s y s t e m  a s  a f u n c t i o n  of  c o n c e n t r a t i o n  and measured c u r r e n t .  Such b e h a v i o r  
c o n t r a s t s  w i t h  a meta l  e l e c t r o d e  i n  which t h e  n e t  c u r r e n t  is n o r m a l l y  c o n t r o l l e d  
through d e v i a t i o n s  from t h e  r e v e r s i b l e  r e d o x  p o t e n t i a l .  B a s i c a l l y  t h e  r e a s o n  such  
a s i t u a t i o n  c a n  a r i s e  i s  t h a t  t h e  c u r r e n t  due t o  t h e  r e d u c t i o n  of  Fe(CN),-3 is only  
a Small  f r a c t i o n  of t h e  r e v e r s i b l e  c u r r e n t s  p a s s i n g  t h r o u g h  t h e  He lmho l t z  l a y e r ,  
and t h e s e  r e v e r s i b l e  c u r r e n t s  d e t e r m i n e  t h e  Helmhol tz  v o l t a g e .  By t h e  argument  
P r e s e n t e d  by Dewald, '  changes  i n  Helmhol tz  p o t e n t i a l  a t  t h e  ZnO e l e c t r o d e  s h o u l d  be 
m a n i f e s t e d  by changes  i n  t h e  v a l u e s  o f  t h e  f l a t  band v o l t a g e ,  V,. Converse ly ,  
changes  i n  t h e  f l a t  band v o l t a g e  w i t h  changes  i n  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  
s o l u t i o n ,  i n  p r i n c i p l e ,  c a n  be  a t t r i b u t e d  t o  v a r i a t i o n s  i n  t h e  He lmho l t z  a n d / o r  
s u r f a c e  v o l t a g e  of t h e  ZnO e l e c t r o d e .  

E x p e r i m e n t a l l y ,  w e  found o n l y  s m a l l  random v a r i a t i o n s  i n  t h e  f l a t  band v o l t a g e  
a s  a f u n c t i o n  of  Fe(CN),-3 c o n c e n t r a t i o n  and t h e  r a t i o  of t h e  c o n c e n t r a t i o n s  of  
Fe( CN) 6-3 t o  Fe(  CN) 6 - 4 .  

age  ( d e t e r m i n e d  by t h e  Fermi l e v e l  a t  t h e  s u r f a c e  v s  t h e  i n t e r i o r  when t h e  bands  
a r e  f l a t )  s h o u l d  e x a c t l y  compensa te  changes  i n  t h e  He lmho l t z  v o l t a g e ,  w e  c o n c l u d e  
t h a t  b o t h  t h e  Helmhol tz  and s u r f a c e  v o l t a g e  a t  t h e  f l a t  band c o n d i t i o n  are inde-  
pendent  of  t h e  c o n c e n t r a t i o n s  of h e x a c y a n o f e r r a t e  species. E x p e r i m e n t a l l y  f o r  any 
s i n g l e  s o l u t i o n  c o m p o s i t i o n ,  t h e  v a l u e  of  V, r emains  c o n s t a n t  as  a f u n c t i o n  of  t h e  
a p p l i e d  v o l t a g e  as observed  by t h e  s t r a i g h t  l i n e  b e h a v i o r  t y p i f i e d  by F i g .  2 .  From 
t h i s  o b s e r v a t i o n ,  w e  c o n c l u d e  t h a t  t h e  He lmho l t z  v o l t a g e  is i n d e p e n d e n t  of t h e  
cominant  r e d u c t i o n  p r o c e s s  on t h e  ZnO, t h e  r e d u c t i o n  of f e r r i c y a n i d e .  I n  pre l im-  
i n a r y  e x p e r i m e n t s ,  w e  have  found t h a t  t h e  f l a t  band v o l t a g e  is  s e n s i t i v e  t o  t h e  PH 
of t h e  s o l u t i o n  b u t  i n s e n s i t i v e  t o  t h e  s e v e r a l  r e d u c i n g  and o x i d i z i n g  a g e n t s  i n v e s t -  
i g a t e d .  

S i n c e  i t  seems u n l i k e l y  t h a t  c h a n g e s  i n  t h e  s u r f a c e  v o l t -  

I t  is, t h e r e f o r e ,  o u r  b e l i e f  t h a t  t h e  He lmho l t z  v o l t a g e  of  t h e  e l e c t r o d e  i s  
n o t  a s s o c i a t e d  w i t h  any e l e c t r o n  t r a n s f e r  r e d o x  r e a c t i o n  o c c u r r i n g  on t h e  s u r f a c e ,  
b u t  s h o u l d  be  a s c r i b e d  t o  p r o t o n  t r a n s f e r ,  or t o  some e q u i v a l e n t  c h e m i c a l  p r o c e s s  
which d o e s  n o t  i n v o l v e  e l e c t r o n s  or h o l e s .  

Next w e  s h a l l  c o n s i d e r  t h e  c u r r e n t s  p a s s i n g  between t h e  s u r f a c e  and t h e  
i n t e r i o r  of t h e  s e m i c o n d u c t o r .  I n  our s e m i c o n d u c t o r  s u r f a c e - s t a t e  model, a s  pre-  
v i o u s l y  d i s c u s s e d ,  t h e  f low o f  n e g a t i v e  c u r r e n t  from t h e  i n t e r i o r  t o  t h e  s u r f a c e  
is a s s o c i a t e d  w i t h  a n  a c t i v a t i o n  e n e r g y  o f  qVs which arises from t h e  e n d o t h e r m i c i t y  
of moving a n  e l e c t r o n  i n  t h e  c o n d u c t i o n  band from t h e  i n t e r i o r  t o  t h e  s u r f a c e .  The 
r e v e r s e  p r o c e s s  is  t h e  o x i d a t i o n  and c o u l d  o c c u r  by t r a n s f e r  o f  a n  e l e c t r o n  from 
t h e  reduced  s o r b e d  s p e c i e s  to t h e  bot tom of t h e  c o n d u c t i o n  band i n  t h e  i n t e r i o r  of 
t h e  s e m i c o n d u c t o r .  The l a t t e r  p r o c e s s  would be  e x p e c t e d  t o  have  a n  a c t i v a t i o n  en-  
e r g y  e q u a l  t o  E, t h e  e n e r g y  d i f f e r e n c e  between t h e  s u r f a c e  s t a t e  and t h e  bo t tom of 
t h e  c o n d u c t i o n  band a t  t h e  s u r f a c e  ( F i g .  4 ) .  F o r  t h e  s u r f a c e  s t a t e  on ZnO due  t o  
t h e  h e x a c y a n o f e r r a t e ,  t h e  v a l u e  of  E c o u l d  be  a s  h igh  as 3 e V .  I f  t h e  v a l u e  o f  E 
is h i g h ,  t h e  rate of  t h e  o x i d a t i o n  p r o c e s s  c a n  be  e x t r e m e l y  l o w .  

Thus d e v i a t i o n s  from a " r e v e r s i b l e  p o t e n t i a l "  on t h e  s o l u t i o n  s i d e  (Helmhol tz )  
or w i t h i n  t h e  s e m i c o n d u c t o r  c a n  e be u s e d  t o  d e s c r i b e  t h e  n e t  c u r r e n t  f l o w i n g  
t h r o u g h  t h e  e l e c t r o c h e m i c a l  c e l l .  Fur thermore ,  t h e  e x p e r i m e n t a l  c o n d i t i o n  of z e r o  
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neat c u r r e n t  c~ocs not c.orrcs;onci t o  some "rcvcbrsiblc  potential" an:ilogou..; t o  ;i m t 5 t : i l  
e l e c t r o d e  s i n c e  t h e  r a t c -  of t h e  anod ic  p r o c e s s  i n  t h e  semiconduc to r  moclcl is always 
e s s e n t  ia11y zc-ro. , 

E x p e r i m e n t a l l y .  howcvcr,  wt. do o b s c r v ~ ~  s m a l l  r ~ * s i d u a l  n e t  anoelic. c u r r e n t s .  
r e s i d u a l  a n o d i c  c u r r e n t  d i s c r v c d  P i t h  ZnO c';in sometimes be a t t r i b u t e d  t o  s t r a y  
u l t r a v i o l e t  i l l u m i n a t  i o n  , c n c r g l c * s  greater th:in t h e  band  gap‘^ whic.hl produces holes. 
I n  o t h e r  ' c a s e s .  t he rma l  gcncr: i t ion of h o l e - c l c c t r o n  p a i r s  i n  t h c  bulk w i l l  provldc 
a h i y h e r  a n o d i c  c u r r e n t  t han  clc*c. t ron i n j e c t i o n  hav ing  :in a c . t i v a t i o n  ene rgy  E.  I n  
e i t h e r  case .  t h e  po tcn t i ; ; l  a t  zc'ro c u r r e n t  is  not t h e  r c v c r s i b l c  p o t e n t i a l  of a 
chemical  redox r e a c t i o n  hut  is t h c  r e s u l t  of oppos ing  c u r r c n t s ,  both of whikh a r c  
dc t e rmlncd  by p h y s i c a l  p ~ ~ u ' c s s e s  not o t ' cu r r ing  i n  t h e  s o l u ' t l o n .  

We b e l i e v c  t h c  mdjor sources of t h e  l o w  a n o d i c  c u r r e n t s  i n  t h e  da rk  may be im- 
p e r f e c t l o n s  and i m p u r i t i e s  on t h e  s u r f a c e  of t h e  sample.  The r e s u l t s  w i th  our c r y s -  
t a l s  a r c  c o n s i s t a n t  w i t h  t h i s  n o t i o n ,  i . e . ,  t h e  s a t u r a t i o n  d a r k  a n o d i c  c u r r e n t  
v a r i e d  randomly from 0 . 1  t o  10 na .ma w i t h  r e p e n t e d  e t c h i n g s  i n  phosphoric  a c i d  
unde r  presumably i d e n t i c a l  c o n d i t i o n s .  On t h e  o t h e r  hand, t h e  a d d i t i o n  t o  t h e  solu-  
t i o n  of t h e  r educ ing  a g e n t .  Fc,CN e-' ,  had a n e g l i g i b l e  e f f e c t  on t h e  anod ic  c u r r e n t  

T h i s  bch:tvior is prob.il>ly quite t y p i c a l  of e l e c t r w ~ h e m i c a l  r e a c t  i o n s  on wide 
band g a p  scmIconduc. tors  And t h e o r e t i c a l  a n a l y s i s  based  on  r e v e r s i b l e  r e a c t i o n s  may 
o f t e n  be v e r y  m i s l c a d i n p .  

The l a s t  po in t  o f  our d i s c u s s i o n .  conc'erns t h e  s u r f a c e - s t a t e  c a p a c i t a n c e ,  C,,, 
which is d ~ f 1 n c . d ~  as dQss,dV where Qss is t h e  c h a r g e  i n  t h e  s u r f a c e  s t a t e s .  
w i l l  p r c s e n ' t - a r g u m e n t s  to  show t h a t  t h e r e  is n o  i n c o n s i s t a n c y  between ou r  experi-  
mental  r e s u l t s  which I n d i c a t e  t h e  absence  of a s u r f a c e - s t a t e  c a p a c i t a n c e  and our 
t h c o r e t l c a l  model which depends on t h e  e x i s t a n c e  o f ' s u r f a c c  s t a t e s .  I t  should be 
emphasized t h a t  t h e  e x p e r i m e n t a l  a b s e n c e  o f  a s u r f a c e  s t n t e  c a p a c i t a n c e  i n  a semi- 
c o n d u c t o r  e l e c t r o l y t e *  sys t em shou ld  n o t  be t aken  t o  imply t h e  absence  of s u r f a c e  
s t a t e s .  This p o i n t  is impor t an t  because  t h e  absence  of a s u r f a c e - s t a t e  c a p a c i t a n c e  
has  o f t c n ' j 5  been t a k e n  t o  i n d i c a t e  t h e  a b s e n c e  of s u r f a c e  s t a t e s .  

We 

E x p e r i m e n t d l l y .  t h e  a b s e n c e  of a s u r f a c e - s t a t e  c a p a c i t a n c e  i n  p a r a l l e l  with , 
t h e  swce c h a r g e  is shown bf t h e  l i n e a r i t y  o f  ( C l - 2  w i t h  V: The r e a s o n i n g  is based ' 
on t h e  c x p c c t a t l o n  t h a t .  i n  g e n e r a l ,  ( C  w i l l  no t  be l i n e a r  w i th  V. The d e t a i l s  
o f  t h e  f o r m u l a t i o n  of t h e  v a r i o u s  c a p a c q t a n c e s  and v o l t a g e s  i n  a s emiconduc to r j e l ec -  
t r o l y t c  system a r c  c o n t J i n c d  i n  t h e  append ix .  I t  s h o u l d  b e  r e c a l l e d  t h a t  a l l  t h e  
s o l u t i o n s  s t u d i e d  i n  o u r  i n v e s t i g a t  i on  showed a l i n e a r  r e l a t i o n s h i p  between (e!-'  
and V.  

' 

Thcrc a r c  t w o  p o s s i b l c  r easons  why a c a p a c i t y  C,, i s  n o t  obse rved :  one, t h e  
i m p l i c i t  a s sumpt ions  of t h e  d e r i v a t i o n  a r e  n o t  met; and second,  t h e r e  a r e  no s u r -  
f a c e  s t a t e s  over t h e  r e g i o n  spanned by t h e  s u r f a c e  Fermi l e v e l  a s  V is v a r i e d .  W e  
w i l l  p r e s e n t  a rgumen t s  t h a t  bo th  of t h e s e  c a u s e s  a r e  p r e s e n t  w i t h  most semicon- 
d u c t o r  e l c c  t r o l y t e  s y s  terns. 

' 

I m p l i c l t  i n  t h e  d e r i v a t i o n  of t h e  s u r f a c e - s t a t e  c a p a c i t y  is t h e  assumption 
t h a t  t h e  c h a r g e  dQSs is s t o r e d  from t h e  s e m i c o n d u c t o r . s i d e  and is r e t u r n e d  t o  t h e  
semiconduc to r  when t h c  v o l t a g e  increment  dV is removed. This assumption is n o t  
m c t  for  two t y p c s  of s u r f a c e  s t a t e s :  t h o s e  t h a t  a re  e l e c t r o n i c a l l y  i r r e v e r s i b l e  
. i . e . ,  c h a r g e  c a n n o t  t r a n s f e r  i n  both d i r e c t i o n s )  and t h o s e  t h a t  a r e  r e v e r s i b l y  
adso rbed  from s o l u t i o n .  If  t h e  s t a t e s  a r e  i r r e v e r s i b l y  cha rged  w i t h l n  t h e  per iod 
Of the a . c .  s l ~ n a l ,  t h e n  t h e  c h a r g e  w i l l  no t  be re turned , to  t h e  semiconductor  and , 

t h e  s t a t e s  w i l l  not  3c.t a s  c h a r g e  s t o r a g e  c e n t e r s .  I f  t h e  s t a t e s  a r e  deso rbab le ,  
so t h a t  they m a i n t a l n  c q u i l l b r i u m  w i t h  t h e  s o l u t i o n ,  t hey  w i l l  s imp ly  lower t h e  
r c a l  Furl of t h e  Impcdancc r a t h e r  t h a n  t h e  c a p a c i t a t l v e  ' p a r t .  

r 

y 
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The second r e a s o n  for  t h e  i n a b i l i t y  t o  o b s e r v e  a c a p a c i t a n c e  f o r  s u r f a c e  s t a t e s  

is connec ted  wi th  a pinned s u r f a c e  Fermi l e v e l .  A pinned  s u r f a c e  l e v e l ,  i ndependen t  
of known pa rame te r s ,  c a n  a r i s e  from t h e  p r e s e n c e  of  second s u r f a c e  s t a t e  which can  
n o t  s tore  c h a r g e  irom t h e  semiconduc to r .  T h i s  s econd  s u r f a c e  s t a t e  may be of  two 
t y p e s :  ( a )  
or r e v e r s i b l e  s o r p t i o n ,  or ( b )  p r e s e n t  a t  low d e n s i t y  and formed by r e v e r s i b l e  
s o r p t i o n .  The e f f e c t i v e n e s s  of  t y p e  ( a )  i n  p i n n i n g  t h e  Fermi l e v e l ,  is s e l f  e v i d e n t .  
Type ( b )  is  e f f e c t i v e  s i n c e  any  a t t e m p t  a t  chang ing  t h e  s u r f a c e  Fermi l e v e l  by 
chang ing  t h e  a p p l i e d  v o l t a g e  is p reven ted  by s o r p t i o n  o r  d e s o r p t i o n  o f  t y p e  ( b )  
s u r f a c e  s t a t e s  i n  t h e  a p p r o p r i a t e  s t a t e  of  o x i d a t i o n .  Thus, t h e  e x i s t a n c e  of  a low 
d e n s i t y  of  s o r b a b l e - d e s o r b a b l e  s u r f a c e  s t a t e s  c a n  p r e v e n t  obse rvance  of a c a p a c i -  
t a n c e  f o r  a n o t h e r  s u r f a c e  s ta te  t h a t  meets t h e  normal r e q u i r e m e n t s  f o r  o b s e r v a t i o n .  

I n  summary, i n  o r d e r  t o  o b s e r v e  a s u r f a c e - s t a t e  c a p a c i t a n c e  t h e  s u r f a c e  s t a t e s  

p r e s e n t  a t  a h i g h  d e n s i t y  on t h e  s u r f a c e ,  e i t h e r  formed by i r r e v e r s i b l e  

must b e :  (1) e l e c t r o n i c a l l y  r e v e r s i b l e  w i t h i n  t h e  p e r i o d  o f  t h e  a . c .  s i g n a l ;  ( 2 )  
n o n d e s o r b a b l e  from t h e  semiconduc to r ;  and ( 3 )  i n  c o n t a c t  w i t h  a n  e l e c t r o l y t e  f r e e  
of  c h e m i c a l s  t h a t  c a n  r a p i d l y  exchange  c h a r g e  w i t h  t h e  s u r f a c e  s t a t e  o r  w i t h  t h e  
Semiconductor  i n  o r d e r  t o  p r e v e n t  p inn ing  t h e  s u r f a c e  Fermi l e v e l .  

I n  t h e  c a s e  o f  our ZnO s t u d i e s ,  none of  t h e s e  c r i t e r i a  were m e t ,  a c c o r d i n g  t o  
t h e  e v i d e n c e .  The re  have  been  no  r e v e r s i b l e  s u r f a c e  states i d e n t i f i e d  i n  o u r  
s t u d i e s ,  most o f  t h e  chemica l  species examined were a p p r e c i a b l y  s o l u b l e  i n  b o t h  
t h e  o x i d i z e d  and r educed  forms and s p e c i e s  no rma l ly  were a v a i l a b l e  t h a t  c o u l d  be 
a d s o r b e d  and  cou ld  p i n  t h e  Fermi l e v e l .  However, i t  i s  p o s s i b l e  t h a t  common con- 
t a m i n a n t s  p r e s e n t  i n  o u r  s o l u t i o n s  were s u f f i c i e n t  t o  p i n  t h e  Fermi l e v e l .  

SUMMARY 

We have  shown, by a n a l y s i s  o f  t h e  o n e - e q u i v a l e n t  r e d u c t i o n  of  t h e  f e r r i c  i r o n ,  
t h a t  fo r  semiconduc to r s  t h e  e l e c t r o n i c  a c t i v a t i o n  e n e r g y  c a n  domina te  t h e  r a t e  of  
e l e c t r o c h e m i c a l  r e a c t i o n s  and a s i m p l e  s u r f a c e - s t a t e  t r a p p i n g  law d e s c r i b e s  t h e  
p r o c e s s .  We have  a l s o  shown t h a t  t h e  & a c t i o n  is i r r e v e r s i b l e  and a n  unknown o x i -  
d a t i o n  r e a c t i o n  ( n o t  o x i d a t i o n  of  f e r r o u s )  is i m p o r t a n t  i n  d e f i n i n g  t h e  “ z e r o  c u r -  
r e n t “  p o t e n t i a l .  
z i n c  o x i d e  f o l l o w s  a l i n e a r  i s o t h e r m .  

I n  a d d i t i o n ,  w e  found t h a t  a d s o r p t i o n  o f  f e r r i c y a n i d e  i o n  on 
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THE R O U  OF HYDRCCEI! F3:ROXXDE IN OXYGEN REDUCTICRi 
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For oxygen reduction at electrodes in acid solutions,  some workers have re- 
ported1,2 t h a t  ovgen reduces oslly t o  water, others that hydrogen peroxide 
e i ther  ea intermediate in the reduction t o  water or a product in the reduction.3-8 
A similar si tuat ion e x i s t s  for alkal ine solution where hydrogen peroxide appars t o  
be a reaction intermediate which reduces further. 

is 

L i t t l e  or no at tent ion vas paid t o  the  possibi l i ty  that para l le l  reactions may 
be present. 
peroxide as a s table  intermediate. I n  the other,  hydrogen proxlde  could form as 
a reaction intermrdiate which then reduces at leas t  partially t o  water. 
parallel reactions may be represented by 

In one reaction, oxygen could be reduced to  water without hydrogen 

These 

(1) 

t o  the  solution 

Xydrogen peroxide, which is an intermediate in path (2), I s  par t ia l ly  reduced 
t o  wa te r  atxl partially diffuses a w  fran the electrode. and I3 cue the 
correspmdlng currents,  srd I4 represents the ra te  by w h i c k &  diffuses avqy. 

Recently, it was demons-trated that it is possible t o  analyze these parallel 
reaction mths, and t o  detemlne whether hydrosen peroxide Is a reaction interned- 
l a b  in a single react ion path, or a product in a reaction path psrallel t o  that 
in uhlch o m e n  is reduced t o  water vlthaut hydrogen p r d e  intumediate.g For 
t h i s  arralysla, a ro ta t ing  disk electrode with a concentric r lng is used. 

I n  t h i s  cammica t ion ,  the application of the rotatlng disk electrode with 
the  concentric ring in the study of axyeen reduction at Pt, Rh and Au disk elec- 
trodes in acid and alkriL5ne solutions is descrlbed, and somc data are presented cud 
dlscussed. 

If hydrogen peroxide is formed at the test, the disk electrode, kspt at a 
required potential, it nqy diffuse away f r c r m  tha disk t o  the rlng electrode. The 
potential  of the rw electrode is kept at 1.4 V* so that all hydrcgen phroxi.de 
which diituses to the r ing  electrode is oxidized slld detected. For the current 
a t  the disk electrode at a given potential, 4 ,  cud the current at the ring elec- 
trode, Ir, the follCniag relatiorrsblp holds 

(3) 

Here, 19 is a gecmrstrical factor  which depeds on the dimensions of tho disk &d 

* A l l  pOtenttal6 are v l t h  respect t o  the hydrcgen electrode in the  sane solution. 



electrodes, D i s  the diffusion coeff ic ient  for  the react ion intermediates, v 
i s  kinematic viscosity, k3 is  the r a t e  constant for the  reduction of H202 in te r -  
mediate a t  the disk electrode and w i s  the r a t e  of disk rotat ion.  
x is  defined as 

with 11 being the partial current due t o  the reduction of oxygen t o  water i n  the 
path without hydrogen peroxide intermediate, and I2 the pa r t i a l  current due t o  the 
reduction t o  hydrogen peroxide. 

From the plots of I&. against w-'i2 the  intercept with the I,-& axis, 

In this  equation, 

x = 11/12 (4) 

Intercept = (x + l)b, (5)' 

can be reed. With N known, x can be calculated and hence the r a t i o  11/12 obtained. 

R,Rh and Au d i s k  electrodes are examined in  acid (0.1 N H2S04) and alkal ine 
(0.1 N KOH) solutions saturated at room tempeyature by 0, under 1 a b .  pressure. 
Currents at the disk and r ing electrodes have been measured as functions of the 
disk potent ia l  and for  various r s t e s  of disk ro ta t ion .  

a ser ies  of l ines  para l le l  t o  the d - T 2  axis (Fig. 1).  Each l i ne  corresponds t o  a 
given potent ia l  of the disk electrode and has an intercept with Id/% axis  greater 
than 1 / N .  
Hydrogen peroxide i s  produced i n  a path parallel t o  the reaction path which does 
not involve H202 as an intermediate. 
intercepts  are a l l  greater  than 20, and x >.7.6 (N = 0.38). Hence, the  major reac- 
t i on  is  tha t  in which O2 i s  reduced t o  €I20 without H202 intermediate (9096 or more of 
the t o t a l  current). 
small. 
fur ther  t o  water with any rate comparable t o  tha t  by which it is produced. 

For Pt electrode : 1 1 ,'i sc3utiD the ?lots  of k/L, against W-1/2 consists o f  

Hence, oxygen reduction proceeds a l o w  two p a l l e l  react ion paths. 

A t  potent ia ls  anodic to ,  say, 0.60 V, the  

Since the slopes of the lines are  zero, k3 in  equation (3)  i s  
It implies that H202 formed i n  the pa ra l l e l  react ion path i s  not reduced 

The solution in  which the above ex_mrimental data  are obtained was prepared 
from l'Baker Analyzed Reagent" H$O4 and conductivity water. 
solution was further purified electrochemically, no hydrogen peroxide is detected 
t o  form at  potent ia ls  anodic t o  0.150 V. Such a d i f fe ren t  behavior of the elec- 
trode i n  "pure" and "insufficiently" purified solutions is believed t o  be due t o  
the adsorption a t  the electrode surface of res idual ,  mostly organic, impurities 
f r o m  the solution. 

However, if  t h i s  

A t  P t  electrode in alkaline solution, h/Ir plots  reveal t ha t  oxygen reduc- 
t i on  proceeds w i t h  comparable r a t e s  along two react ion paths (Fig. 2). I n  one of  
these mths, hydrogen peroxide is an intermediate which partially reduces further. 
In contrast t o  Pt electrode in acid solution, Pt electrode in alkaline solution 
appeared t o  be not affected by the presence of res idual  impurities in  the  S O l U t i O n .  

SimiLas experiments with Rh i n  acid solution shaued tha t  the behavior of the 
electrode is a l so  affected by purif icat ion of the solution. 
purified solutions, li& is  formed i n  a ,path paralLel t o  that in which 9 is 
reduced t o  water without hydrogen peroxide as an intermediate. 
is the reduction t o  H20 without hydrogen peroxide intermediate. 
pt electrode, at potent ia ls  cathodic t o  0.60 V hydrogen peroxide formed at Rb 
electrode reduces, at least mially, further  t o  water. 
oxygen reduction a t  Rh electrode proceeds along a single  react ion path which does 
not involve hydrogen peroxide in te rmdia te .  
t i o n  path is that Fn which @ is  reduced t o  hydrogen peroxide. m o g e n  peroxide 
reduces further t o  water. 

In "insufficiently" 

The major reaction 
In contrast t o  8 

In "pure" acid solutions 

In alkaline solution, the major rem- 
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For a gold electrode i n  acid solution , the current-potential  relationship f o r  
This i s  i l l u s t r a t e d  i n  Figure 3. oxygen reduction has a character is t ic  "S" shape. 

Two l inear  regions i n  V-log i plots  axe evident, each with a slope close t o  -=T/F. 
S i m i l a r  resu l t s  have previously been reported .7 
t ion  i n  these two regions can now be examined by the d i s k  electrode w i t h  a concen- 
t r i c  ring. 

Reaction path for  oxygen reduc- 

t i a l  
of 

The plots of Id/Ir  against  a-1/2 me sham i n  Figures 4 and 5.  
r 

I n  the poten- 
e 0.55 - 0.65 V ,  t h e  Id/Ir lines have negative 

The l ines  a re  essent ia l ly  para l le l  t o  the  
but show positive s l o p s  a t  0.20 V and m o r e  cathodic potent ia ls .  
the lines w i t h  the  u/Ir axis  i n  the potent ia l  range 0.00 t o  0.35 V a re  clustered 
between 2.7 and 3. A t  higher potent ia ls ,  the intercepts  increase with increasing 
potent ia l .  Ln contrast  t o  Pt and Rh,  oqgen reduction at Au electrodes is  not 
affected by the presence of residual impurities i n  solution. 

opes a t  smaller values 
axis  from 0.50 t o  0.25 v 

The intercepts of 

Ran the intercept given by (5) , and with N equal t o  0.39, it appears that  at 
and below 0.30 V x is small. 
proceeds along a single react ion path with hydrogen peroxide as an intermediate. 
and below 0.20 V ,  hydrogen peroxide intermediate reduces fur ther  t o  water w i t h  a 
r a t e  which increases with decreasing electrode potent ia l .  
0.35 - 0.55 V ,  x r 0 and hence oxygen reduction proceeds with nearly equal ra tes  
along two parallel react ion paths. 
reaction is the reduction of oqgen  t o  water without hydrogen peroxide intermediate. 
Hydrogen peroxide which at these high potent ia ls  forms i n  a parallel path does 
not reduce t o  xater with any signif icant  rate. A representation of t h i s  discussion 
is sham also in Figure 3. Jus t  at t h e  poten t ia l  at which there is  the change f r o m  
one Tafel region i n  the  V-log i curve t o  the other,  the change in the importance of 
the  reactbn paths occurs. 
mainly t o  water while at potent ia ls  cathodic t o  0.5 V, the  main path is that i n  
which owgen i s  reduced t o  hydrogen peroxide. 

With x = 0, oxygen reduction a t  Au i n  acid solution 
At  

In the potent ia l  region 

A t  s t i l l  higher electrode potentials,  the major 

Thus, at potent ia ls  anodic t o  0.60 V, Oqgen is  reduced 

6 The c'haracteristic change i n  the V-log i curve at a current of about 5.10- A 
resembles the attainment of a l imit ing current f o r  the  react ion which predominates I 
i n  the low current densi ty  region, u n t i l  another reaction, which predominates i n  
the high current density region, takes over. 
t h i s  change i n  the react ion other than the surface heterogeneities.  
e i t y  of t h e  electrode surface i s  assumed, about 1% of sape active "s i tes"  w i l l  be 
enough t o  sustain the major reaction i n  the region of low currents.  
of Q/L, l ines  in Figure 5 ,  suggest a l so  tha t  t h i s  major react ion,  which is reduc- 
t i o n  of oxygen t o  water, occurs a t  some act ive "sites." These slopes are observed 
i n  the current region i n  which the reduction t o  water becomes apparently diffusion 
controlled. 
"s i tes"  increases and so does the  current f o r  the reduction of oxygen t o  water. 
Consequently, the disk current increases while the r ing  current remains un w e d ,  

It is  d i f f i c u l t  t o  see any reason for 
I f  heterogen- 

Negative slopes ~ 

With increasing r a t e  of d i s k  rotat ion,  diffusion of oxygen t o  these 

and, for  the sane electrode potent ia l ,  I&/% decreases with increasing c u - l  $" '. 
In alkaline solut ion a t  gold electrode it appears that oxygen reduction pro- 

ceeds along a single react ion path w i x h  hydrogen peroxide as an intermediate which 
reduces rwthc r  t o  water. 

' 

F r m  the slopes of the l ines  of Id/% against  w - ' / ~ ,  k in equation (3) Can be 
calculated for  a given potent ia l .  In Figure 6, log k3 i s  p-ot tedgainst  3 potential  
for  the reduction at Pt electrodes i n  alkaline solution. If a s t ra ight  l ine  were 
drawn through the points,  the slope would be about 0.6 V .  
s lo -  fcr  the change of the log  r a t e  with potent ia l  probably indicates that the 
reduction of hydrogen peroxide is  controlled by a chemical ra ther  than a chtwge 
t r a n s f e r  s tep.  

This unusually high 

Accordingly, two -wssible mechanisms f o r  the reduction of hydrogen 
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peroxide at F't in alkal ine solut ion nay be suggested: 

or 

I 

%02 4 2 OH 

OH + e' = OH- 

H202 + Pt+ PtO + €320 

P t O  + H20 + 2e- Ft + 2 OH- 
These mechanisms are indistinguishable by usual electrochemical means. Similar 
s i t ua t ion  ex is t  for Rh and AU electrodes in  a lkal ine solution. 

The above exanples c lear ly  demonstrate the canplexity of oqgen reduction 
More often than not ,  parallel react ion paths are  present, Far- a t  electrodes. 

t i cu l a r ly  a t  lower potent ia ls  and insuf f ic ien t ly  pure solutions. 
peroxide formed in a parallel react ion or as a react ion intermediate in a single 
react ion pftth, it may reduce fur ther  with the r a t e  lower than that by which it i s  
forrned. 
electrode with the concentric ring in the study of parallel. react ion paths. 

If hydrogen 

The same examples also i l l u s t r a t e  the s u i t a b i l i t y  of the ro ta t ing  disk 
,, 
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KINE: T C  ISOTOPE E!': ECTS IN OXYGEN E L E C T R O D E  R E A C T I O N S  
I .  G e n s r e l  Thccry  of P r i r i a ry  and S o l v e n t  H/D I s o t o p e  

E f f e c t s  i n  t h e  E l e c t r c c h e T i c a l  Reduc t ion  o f  Oxygen 

J .  D .  E .  N c I n t y r e  and !:I. Sa lonon% 

B e l l  Te lephone  L a b o r a t o r i e s ,  I n c o r p o r a t e d  
Murray H i l l ,  Neh J e r s e y  

INTRODUCTION 

The e f f e c t s  of i s o t o p l c  s u b s t i t u t i o n  on c h e n i c a l  r e a c t i o n  r a t e s  have  
been eTpl3yed e x t e n s i v e l y  t o  e l u c i d a t e  r e a c t i o n  mechanisms and  t o  
p r o v i d e  c r i t e r i a  f o r  t h e  i d e n t i f i c a t i o n  of r a t e - d e t e r m i n i n g  
s t e p s  . l y 2  

den-ons t ra ted  e x p e r i m e n t a l l y 3  by t h e  e l e c t r o l y s i s  of  water i n  1932 ,  
It i s  o n l y  r e c e n t l y  t h a t  ' t h i s  method h a s  been  a p p l i e d  suscessfu : ly  
t o  d e t a i l e d  k ine t i - c  s t u d i e s  of  e l e c t s o c h e m i c a l  r e a c t i o n s .  I n  t h e  
p r e s e n t  co !vun ica t ion ,  we d i s c u s s  t h e  k i n e t i c  t h e o r y  o f  t h e  e f f e c t s  

' of H/D i s o t o p i c  s u b s t i t u t i o n  on t h e  e l e c t r o c h e m i c a l  r e d u c t i o n  of 
oxygen i n  aqueous e l e c t r o l y t e s .  As a r e s u l t  o f  t h e  c a l c u l a t i o n s  
prese!:ted beloir ,  v a r i o u s  mechanisms p roposed  f o r  t h e  r e d u c t i o n  pro-  
c e s s  can  be d i s t i n g u i s h e d  on t h e  b a s i s  of  t h e  magn i tude  of t h e  H/D 
i s o t o p e  e f f e c t .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r a t i o  of s t a n d -  
ard ra':? c o n s t a n t s  f o r  t h e  e l e c t r o l y s i s  r e a c t i o n  may be v e r y  l a r g e ,  
n e a r  u n i t y ,  o r  i w e r s e ,  depend ing  upon t h e  mechanism o p 2 r a t i v e .  

I t  has been  well  e s t a b l i s h e d 5  t h a t  hydrogen  p e r o x i d e  may b e  formed 
a s  a s t a b l e  i n t e r m e d i a t e  s p e c i e s  d u r i n g  t h e  e l e c t r o c h e m i c a l  r educ -  
t i o n  of  oxygen t o  water. On e l e c t r o d e  mater ia ls  o f  h i g h  c a t a l y t i c  
a c t i v i t y ,  however, hydrogen  p e r o x i d e  decomposes r a p i d l y  v i a  a 
s u r f a c e - c a t a l y z e d  chemica l  r e a c t i o n  t o  r e g e n e r a t e  oxygen .  The ef-  
f e c t s  of  t h i s  coup led  h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n  on t h e  k ine -  
t i c s  of oxygen r e d u c t i o n  have  been  d i s c u s s e d  p r e v i o u s l y .  6 ~ 7  
p r o v i d e  f u r t h e r  c r i t e r i a  f o r  e s t a b l i s h m e n t  of  t h e  d e c o m p o s i t i o n  re-  
a c t i o n  mechanism, we have  c a l c u l a t e d  t h e  n a g n i t u d e  of  H/D e f f e c t s  
f o r  s e v e r a l  p roposed  schemes .  

Although i s o t o p i c  e f f e c t s  i n  c h e m i c a l  k i n e t i c s  were f i r s t  

To 

I n  t h e  t r e a t m e n t  which follows, we c o n s i d e r  o n l y  t h e  e f f e c t s  of  
complex i s o t o p i c  s u b s t i t u t i o n  of  t h e  e l e c t r o l y t e .  S p e c i e s  o f  mixed 
i s o t c p i c  c o n p o s i t i o n  need n o t  be c o n s i d e r e d  t h e r e f o r e .  The r a t i o  
of exchanze  c u r r e n t  d e n s i t i e s  f o r  a n  e l e c t r o c h e m i c a l  r e a c t i o n  i n  
l i g h t  and heavy w a t e r  e l e c t r o l y t e s  i s  g i v e n  by 

I io (HI 
Ri = -TJ-m 

where t h e  s u b s c r i p t  i d e n o t e s  t h e  s t e p  i n  t h e  r e a c t i o n  s e q u e n c e  
which i s  r a t e - c o n t r o l l i n g .  I n  c 2 l c u l a t i n g  t h i s  r a t i o  f rom a b s o l u t e  
r a t e  t h e c r y  we .r.a!<e t h e  f o l l o w i n g  s i m p l i f y i n g  a s s u m p t i o n s :  

-- 
* O n  l e a v e  of  absence  f r m  i?u tgers ,  The S t a t e  U n i v e r s i t y ,  

DeparL-ent of  CheTis t r j r ,  1:e.d Brur.swick, New J e r s e y  
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i-) 

i f )  

A l l  p r e - f a t e - d e t e r n i n i n g  s t e p s  a r e  i n  q u a s i - e q u i l i b r i u m .  
Y - e f f e c t s  (Ilis t h e  p o t e n t i a l  a t  t h z  o u t e r  Helmholtz  
p l a n e )  c a n  be n e g l e c t e d  s i r . ce  t h e y  a r e  small .and we a r e  
o n l y  i n t e r e s t e d  i n  t h e i r  r a c i o a  ( c f .  r e f e r e n c e  ( 8 ) ) .  

iii) L i m i t i n g  L a n g n u i r  a d s o r p t i o n  c o n d i t i o n s  a r e  a p p l i c a b l e .  

I i v )  Secondary  i s o t o p e  e f f e c t s  a r e  n e g l i g i b l e .  

T H E O R Y  

I .  Oxygen-??roxide E l e c t r o d e  

T h i s  c o u p l e  n a y  be r e p r e s e n t e d  i n  a c i d  and a l k a l i n e  
s o l u t i o n s ,  r s s p e c t  i v e l y  , as  

- o2 t 2 ~ ~ 0 ~  + 2ew- - L o t 2 ~ ~ 0  2 2  

o2 t 2 ~ ~ 0  t 2e LO; t O L -  

where L i s  e i t h e r  H o r  D .  In l i g h t  w a t e r  e l e c t r o l y t e s ,  t h e  e l e c t r o -  
c h e m i c a l  p r o d u c t i o n  of  H 2 0 2  i s  b e l i e v e d  t o  o c c u r  v i a  t h e  f o l l o w i n g  
schemes : 5  

( l a )  ~ . i  t o2 + e --j 140; ( l b )  M t O 2  t e +NO; 

( 2 a )  MO; t H30t---4M02H t H 2 0  ( 2 b )  MO; t e j M O ;  

( 3 a )  M02H t e --> M02H- ( 3 b )  MO; t H 2 0  + M02H- + OH- 

( 4 a )  M02H t H O + + M ( H 2 0 2 ) t H 2 0  ( 4 b )  M02H- M t HO; 3 

( 5 a )  

O t h e r  schemes are of c o u r s e  c o n c e i v a b l e  and w i l l  be c o n s i d e r e d  
In t h e  full p a p e r . 1 0  

I f ,  i n  a c i d  solutions, r e a c t i o n  s t e p  ( I a )  i s  r a t e - c o n t r o l l i n g ,  t h e  
r a t i o  o f  exchange  c u r r e n t  d e n s i t i e s  i s  g i v e n  by 

M ( H 2 0 2 )  ---+ PI t H 2 0 2  

L O 2 1  H 2 0  ‘O2(D20)  q62 ( H 2 0 )  . exp (BAQF/RT) R1a = Co21 D20 ’ ‘02(H20) * t  qo2 ( D 2 0 )  

where t h e  b r a c k e t e d  terms d e n o t e  t h e  c o n c e n t r a t i o n s  of m o l e c u l a r  
oxygen i n  H 2 0  and D 2 0  s o l u t i o n s ,  q i s  t h e  m o l e c u l a r  p a r t i t i o n  func- 
t i o n  of  t h e  s p e c i e s  i n d i c a t e d  ( s u p e r s c r i p t  f r e f e r s  t o  t h e  a c t i v a t e d  
complex)  and A $  i s  t h e  p o t e n t i a l  d i f f e r e n c e  ($Q 

t h e  two o v e r a l l  h a l f - c e l l  r e a c t i o n s  

f o r  
2 2 - +H202) 
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t O2 t 2D 0 t 2D20 3 2 2  

O2 t 2!i O t  t 2e H 0 t 2A20 3 2 2  

Ths c o n t r i b u t i o n  of  t h e  z e r o - p o i n t  ene rgy  t o  t h e  v i b r a t i o n a l  p a r t i -  
t i o n  f u n c t i o n  i s  i n c l u d e d  i n  e a c h  q ,  It w i l l  be  r e c a l l e d  t h a t  t h i s  , t e r n  is p r i n c i p a l l y  r e s p o n s i b l e  for t h e  p r i m a r y  k i n e t i c  i s o t o p e  e f -  
f e c t  o f  K/D s u b s t i t u t i o n . 1 , 2  
r e x t  r a t i o  i.:ith s t e p  ( l a )  r a t e - c o n t r o l l i n g  r e d u c e s  t o  

t 2e q> D 0 

The e x p r e s s i o n  f w  t h e  exchange  c u r -  

Rla = exp (BA@ F/RT) 

By a n  a n a l o g o i s  ne thod  we o b t a i n  t h e  f o l l o w i n g  e x p r e s s i o n s  

‘D30t ‘ H 2 0  qO:(H20) 

‘H3Ot  ‘D20 q02(D20) 
R3= = - . - * i  exp  [(I + 8 ) A $  F/RTl 

e x p  (2A$F/RT) R 4 a  

t 

--- exp (2AOF/RT) 
. R5a =\A I q D  0’ . --I ‘D20 “ 2  (H20) 

qh’30t ‘H20 ‘0,(D2O) 
\ 

S i m i l a r l y ,  i n  a l k a l i n e  s o l u t i o n s ,  we o b t a i n  f o r  t h e ’  r e a c t i o n s  

O2 t D 2 0  t 2 e e D O ;  + OD- 

O2 t H20 t 2e  ? H0; + OH- 

where A 4  = QD3; - $HO;, t h e  f o l l o w i n g  exchange  c u r r e n t  r a t i o s .  

Rlb = exp (BA@F/RT) 

= e x p  [!1 t 8  ) A $  F/RT] 
R2b  

q D 2 0  “0 ;  ( O H - )  

R3b - ‘H20 “0.3 (QD-) 
c -- exp (2A@F/RT) 

, 
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The e v a ? u a t i o n  of p a r t i t i o r :  fur .c t ic r i  r r t i o s  t h e  i s o t o p t c  s p e c i e s  
~ ~ 0 ,  L j O +  ar,d OL- were c a r r i e d  o u t  as te:-fsre8,-9 ( c f .Append ix ) ;  t h o s e  
for t h e  s g e c i e s  L 2 0 2 ,  LO2 an2 .LO5 weri. t v a i u ? t e d  f r o n  s p e c t r o s c o p i c  
and  a c i d - b a s e  eGsilibriu: .  d a t a .  I ~ F )  p l r . t i t i o r .  f u n c t i o n  r a t i o s  f o r  
t h c  actL.:?:.ed cz1:2:lesi: *der? e v s l u n t e d  by a s t u - i n ~  t h z t  t h e  vib:'a- 
tiori::l fr,r.;u.rnc:es c f  t h e  0-5 and 0 - D  bor-ds n o t  d i r e c t l y  p a r t i c i p a t -  
i n c  ir! ti:c r c a c t i c n  re r . s in  unchanged d u r i n z  t h e  t r a n s i , t i o n  f r o n  t h e  
I n i t i z ?  t o  t h e  f i m l  s t z t e  ( c f .  r e f e r e n c e s  8 ,  9 where s i r , i l a r  t r e a t -  
ments  have been en.!,lo)ed). The r e s u l t s  of t h e s e  c a l c u l a t i o n s  show 
t h a t  a riide ra!?ce of  i s o t o p e  e r r e c t s  c a n  a r i s e  a1-A t h a t  t h e s e  e f f e c t s  
are  s t r c n s l y  dcrsr.2er. t  upan t h e  na tu -e  cr '  tt:e s o l u t i o n  enployed  ( i e ,  
a c i d  o r  z ? k z l ! z c ) .  An i n v c r s i o r .  of t h e  e x c h ? n ~ c .  c u r r e n t  r a t i o  i s  
p r e d i c t c 2  i n  s t 7 . t  i n s t a n c e s  f o r  the oxy~en-?eroxlde e l e c t r o d e  on 
c h a n g l n s  frc:. s t a r 2 a r d  aclci t o  s t an22r .3  a1ka l i r . e  c o n d i t i o n s ,  owing 
t o  a solver.: f s c t o p e  e f f e c t .  

"l 

11. HydroIen P e r c x i d e  D e c c 7 r o s l t i o n  

The o v e ~ a l l  decc? ;os i t i on  r e a c t i o n s  of hydrogen  pe-oxide I n  a c i d  
and a l k a l i n c  s o l u t i o n  a r e  

kh 2H202 ,M )02 t 2H20 

)02 + 20H- kh 
2HO; K 

where kh r e p r e s e n t s  t h e  he t e roEeneous  chemica l  r a t e  c o n s t a n t  f o r  t h e  
s u r f a c e - c a t a l y z e d  r e a c t i o n .  As examples of  p o s s i b l e  r e a c t i o n  mech- 
a n i s n s  we c o n s i d e r  t h e  f o l l o w i n g  schemes. 

I) Oxygen R a d i c a l  !-:echanism 

M t HO; ->F*:iiO; (6) 

MHO; *KO + OH- ( 7 )  

MO + H O S  + O2 + OH- 
Xod 1 f 1 ed Za be ?-!d 1 1 1 s t a t  t e r  Ne c han I sm - 1 1') 

MOH.+ H 2 0 2 j i ~ I C ) 2 H  + H20 

K02H + H202 j I0;OH + O2 t H 2 0  (10) 



O t h e r  p o s s i b l e  r e e c t i o n  r lecl ianls-s  aye c o n s i d e r e d  i n  t h e  f i n a l  
p a p e r .  10  

F o r  e g i v c n  e l e c t r c d e  T a t e r i s l ,  t!ie r z t i o  of r a t e  c o n s t a n t s  for t h e  

e l e c t r a i : - t e s  i s  
he ' - - -  L . C - ~ ; L .  - - , -= -ciis c i i c o - , ~ o s i t i o n  o? p e r o x i d e  i n  l i g h t  and heavy water 

T h i s  q u n t i t b  r a y  be  e v a l u e t e d  from s t e a d y  s t a t e  p o l a r i z a t i o n  c u r v e s  
f o r  ox:gen r e d u c t i o n  on e r o t a t i n g - d i s k  e l e c t r o d e . 6  
i n g  i u r r e i ? ~  r e z i o r s  o f  t h e  c u r r e n t - v o l t a g e  s c a n s  we can  make t h e  
s i m p l i f y i n g  a s s u r p t i o n  t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  r a t i o s ,  
[H202]/[D202] and [HO;]/[DO;], a r e  u n i t y .  

P a r t i t i o n  f u n c t i o n  r a t i o s  were e v a l u a t e d  as i n  t h e  p r e c e d i n g  s e c -  
t i o n .  We shel.1 n o t  p r e s e n t  h e r e  t h e  t o t a l  l i s t  of e x p r e s s i o n s  f o r  
c a l c u l e t j o n  o f  t h e  i s o t o p e  e f f e c t s  i n v o l v i n g  r e a c t i o n s  (6)-(12). 
Two r e p r e s e n t a t i v e  c a l c u l a t i o n s  a r e  shown below f o r  r e a c t i o n s  (6) 
and (19). 

F o r  t h e  l i m i t -  

R e p r e s e n t e t i v e  r a t e  c o n s t a z t  r a t i o s  for t h e s g  and o t h e r  r a t e -  
c o n t r o l l i n g  s t e p s  e r e  s u r x a r i z e d  in T a b l e  I .  

DISCUSSIOM 

The p r e d i c t e d  k i n e t i c  i s o t o p e  e f f e c t s  v a r y  o v e r  a wide r a n g e ,  de-  
pend ing  ugon t h e  mechanisr!  and r a t e - c o n t r o l l i n g  s t e p  i n v o l v e d .  Of 
p a r t i c u l a r  i n t e r e s t  i s  t h e  p r e d i c t i o n  of' a n  i n v e r s e  i s o t o p e  e f f e c t  
for t h e  oxysen-peroxide  e l e c t r o d e .  Such a n  i n v e r s e  i s o t o p e  e f f e c t  
has  a l s o  been found f o r  t h e  oxygen e v o l u t i o n  r e a c t i o n . 4 , g  

We havE i-sisLiri-5 t h e  e:cchar.ge c u r r e n t ,  r a t i o s  f o r  t h e  e l e c t r o c h e m i -  
c a l  r e 5 J c t i o n  o f  oxygen on g o l d  i n  a c i d  and a l k a l i n e  s o l u t i o n s  i n  

e f i ' e c t  fs sr .c l i  end n o r r c l ,  but  i n  acid s o l u t i o n s  t h e  e f f e c t  i s  
l a r g e  and Ln- ie rar .  Zna l l ,  n o r i x l  k i n e t i c  i s o t o p e  e f f e c t s  were a l s o  
otjse-ved f o r  t i .e  Sesc-c:-talgzed d e c c 3 F o s t t i o n  of hydrogen  p e r o x i d e  

l i g i l t  2r.d he&.r-r , J  ? . - ' ;e? (.- . I n  al!.:alirie s o l u t i o n s  t h e  k i n e t i c  i s o t o p e  

--- 
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on g o l d  e l e c t r o d e s  and t e n d  t o  c o n f i r m  a mechanism i n v o l v i n g  an i o n -  
m o l e c u l e  complex deduced from s t u d i e s  of  p 2 e f f e c t s  on t h e  k i n e t i c s  
of  p e r o x i d e  d e c o m p o s i t i o n .  1 2  
r e p o r t e d  e l s e w h e r e  . I 3  

D e t a i l s  of  t h e s e  e x p e r i m e n t s  w i l l  b e  

The facL t h a t  p r e d i c t e d  i s o t o p e  e f f e c t s  f o r  s e v e r a l  r e a c t i o n  mechan- 
isms a r e  s imilar  may make t h e  ass ignment  of  one u n i q u e  spheme d i f f i -  
c u l t .  A s imi la r  problem a r i s e s  i n  c l a s s i c a l  e l e c t r o d e  . k i n e t i c  
s t u d i e s  when t h e  t h e o r e t i c a l  T a f e l  s l o p e s  a r e  i d e n t i c a l  f o r  d i f f e r -  
i n g  mechanisms. Such r e s u l t s  o n l y  s e r v e  t o  emphasize t h e  f a c t  t h a t  
o n l y  one t y p e  of  s t u d y  i s  n o t  s u f f i c i e n t  t o  i n v e s t i g a t e  t h e  k i n e t i c s  
and mechanism of  complex e l e c t r o d e  p r o c e s s e s .  As w i t h  t h e  oxygen 
and hydrogen e v o l u t i o n  r e a c t i o n s ,  t h e  s t r e n g t h  of  any c o n c l u s i o n  con- 
c e r n i n g  mechanisms l i e s  i n  c o n s i s t e n c y  of  r e s u l t s  from a l l  t y p e s  of  
s t u d i e s .  The k i n e t i c  i s o t o p e  e f f e c t  i s  a p o w e r f u l  t o o l  when used i n  
t h i s  s e n s e .  



F o r  i n i t i e l  s t a t e  r e a c t e n t s ,  we have  c a l c u l a t e d  or o b t a i n e d  frorn 
t h e  literdcu-e, thr partition f u n c t i o n  r e t i o s  shown be low.  All 
r e t i c s  ir.cluci,-? z c - o - a o i n t  ece-gy d i f f e r e n c e s .  ~- 

‘D30+ q 

q H 2 0  ‘H 30+ 
- =  1434 ; - - D2° - -  ‘OD- - 2615 

‘OH- 
- 19,023 ; 

‘DO2 qDOS 

qH*o* %IO2 qHO; 
18.9 ; - - - 1 4 . 6  - -  - 850 ; - = qj3202 

The s t a n d a r d  p o t e n t i a l  d i f f e r e n c e  ( 2 5 O C )  o f  t h e  oxygen-pe rox ide  
c o u p l e  i n  a c i d i c  1 iZP . t  and heevy water e l e c t r o l y t e s  I s :  

= + 0 .0202  v o l t  

S i m i l a r l y  i n  a l k a l i n e  s o l u t i o n s :  



6 1. €7 
7 1 .o 
8 1.8 
9 5.2 
10 1.5  
11 1.67 
1 2  2.61 
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THE USE OF THE POTENTIAL OF THE HYDROGEN ELECTRODE TO DETERMINE 
THE MECHANISM OF REDUCTLON OF COMPOUNDS 

T .  C .  F r a n k l i n , , D .  H.  McClelland, P.  E .  Hudson, J .  B a r r e t t  

Chemistry Department,  Baylor U n i v e r s i t y ,  Waco, Texas 76703 

I f  the  e l e c t r o n  t r a n s f e r  r e a c t i o n  a t  t h e  hydrogen e l e c t r o d e  i s  

M-H -.H+ + M + e- 

where M i s  t h e  bare  a d s o r p t i o n  s i t e  and M-H is  t h e  adsorbed hydrogen 
atom exchanging e l e c t r o n s  w i t h  t h e  meta l  s u r f a c e ,  t h e n  t h e  equi l ibr ium 
p o t e n t i a l  of t h e  e l e c t r o d e  should be given by t h e  express ion  

Lf t h e  a c t i v i t y  of  t h e  adsorbed hydrogen i s  r e p r e s e n t e d  by 8,  
then  t h e  a c t i v i t y  o f  t h e  b a r e  metal can be r e p r e s e n t e d  by 1-8, and 
a t  c o n s t a n t  hydrogen i o n  c o n c e n t r a t i o n  and a t  2 5 O C  

E = Eo + 0.059 l o g  e 
1-8' 

The presence o f  o r g a n i c  or i n o r g a n i c  a d d i t i v e s  can a l ter  the  
p o t e n t i a l  of  t h e  hydrogen e l e c t r o d e  by changing t h e  hydrogen adsorbed 
on t h e  e l e c t r o d e .  The a d d i t i v e  can remove hydrogen by e i t h e r  d i s -  
p l a c i n g  the hydrogen o r  r e a c t i n g  w i t h  t h e  hydrogen. A s tudy  was made 
o f  t h e  e f f e c t  of d i f f e r e n t  a d d i t i v e s  on t h e  amount of adsorbed hydroger 
and t h e  p o t e n t i a l  o f  t h e  e l e c t r o d e .  

Exper imenta 1 

or under s teady  s t a t e  c o n d i t i o n s  was measured by t h e  coulometr ic  
method descr ibed  p r e v i o u s l y .  (1 ,2)  I n  t h e  c a s e  o f  t h e  p l a t i n i z e d  
platinum e l e c t r o d e s  hydrogen was bubbled over  t h e  e l e c t r o d e s  u n t i l  a 
s t e a d y  p o t e n t i a l  was a t t a i n e d .  The f low of  hydrogen w a s  stopped and ' 
s u f f i c i e n t  t ime was allowed f o r  e q u i l i b r i u m  t o  be e s t a b l i s h e d  between ' 
t h e  hydrogen d i s s o l v e d  i n  t h e  s o l u t i o n  and t h a t  adsorbed on t h e  e l e c -  1 
t r o d e .  The p o t e n t i a l  of t h e  e l e c t r o d e  was then measured poten t io-  
m e t r i c a l l y  a g a i n s t  a r e f e r e n c e  e l e c t r o d e  and t h e  adsorbed hydrogen was 
removed by p o l a r o g r a p h i c  o x i d a t i o n .  The a r e a  under t h e  polarographic  (8 
curve was t h e  number of coulombs needed t o  o x i d i z e  t h e  hydrogen 
adsorbed on t h e  e l e c t r o d e .  This  procedure was r e p e a t e d  a f t e r  t h e  , 
a d d i t i o n  of v a r i o u s  amounts o f  t h e  a d d i t i v e .  

The experiments  on n i c k e l  and i r o n  were q u i t e  similar except t h a t  ,/ 
t h e  hydrogen was e l e c t r o l y t i c a l l y  genera ted  on t h e  s u r f a c e  of t h e  
n i c k e l  s i n c e  t h e s e  m e t a l s  would not  adsorb hydrogen from s o l u t i o n .  

p l a t e d  f o r  th ree  minutes  i n  3% s o l u t i o n  of c h l o r o p l a t i n i c  a c i d  con- 
t a i n i n g  a t r a c e  of l e a d  a c e t a t e .  The e l e c t r o d e s  were washed w i t h  
d i s t i l l e d  water and aged f o r  s e v e r a l  hours i n  t h e  s o l v e n t  t o  be used 
i n  t h e  experiment .  
a n o d i c a l l y  f o r  s e v e r a l  minutes .  

The amount of hydrogen adsorbed on t h e  e l e c t r o d e  a t  equi l ibr ium 

The plat inum e l e c t r o d e s  were platinum w i r e s  s e a l e d  i n  g l a s s  and 

I 

Jus t  p r i o r  to u s e  t h e s e  e l e c t r o d e s  were polar ized  , 
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The n i c k e l  e l e c t r o d e s  were prepared by s e a l i n g  n i c k e l  w i re  i n  

f l o n  s p a g h e t t i .  The i r o n  e l e c t r o d e s  were made from i r o n  wires 
ev ious ly  etched ,with n i t r i c  a c i d ,  washed wi th  doubly d i s t i l l e d  water  
d placed d i r e c t l y  i n  t h e  c e l l  f o r  s tudy .  The e l e c t r o d e s  were 
id i zed  and reduced s e v e r a l  t imes be fo re  t h e  experiments were s t a r t e d .  

The p-benzoquinone 
s p u r i f i e d  by subl imat ion  and t h e  a c e t o n i t r i l e  was p u r i f i e d  by d i s -  
I l a t i o n .  O t h e r  r eagen t s  were t h e  pu res t  g rade  a v a i l a b l e  commercially.  

The a d d i t i v e s  s t u d i e d  were a c e t o n i t r i l e  and p-benzoquinone on 
atinum, 2 , 7  disodium naph tha lened i su l fona te  and sodium hypophosphite 

The temperature was maintained a t  25O 2 0.1%. 

n i c k e l ,  and a c e t o n i t r i l e  on i r o n .  

ows a t y p i c a l  c u r r e n t  vo l t age  curve obta ined  f o r  t h e  
rogen on p l a t i n i z e d  platinum i n  two normal s u l f u r i c  

i d .  The shaded a r e a  was taken  a s  be ing  p ropor t iona l  t o  t h e  amount 
f adsorbed hydrogen. F igure  2 shows a s i m i l a r  p l o t  f o r  i r o n .  The 
i c k e l  curve was s i m i l a r  t o  t h i s .  

I t  has  been previous ly  r epor t ed  (1) t h a t  a l i n e a r  r e l a t i o n s h i p  
i s t s  between t h e  logar i thm of t h e  amount of adsorbed hydrogen and 
e p o t e n t i a l  when a c e t o n i t r i l e  was used a s  an a d d i t i v e  and p l a t i n i z e d  

latinurn was the  e l e c t r o d e .  However, t h e  s c a t t e r  i n  t h e  d a t a  was very  
a rge  and an accu ra t e  s lope  was not e a s i l y  obta ined .  By not  bubbl ing 
ydrogen over the  e l e c t r o d e  du r ing  t h e  measurement of p o t e n t i a l ,  i t  i s  
o s s i b l e  t o  ob ta in  much more p r e c i s e  d a t a .  F igure  3 shows t h e  r e s u l t s  
b t a ined  i n  two normal s u l f u r i c  a c i d .  I t  can be r e a d i l y  seen t h a t  
here  i s  a l i n e a r  r e l a t i o n s h i p  between t h e  p o t e n t i a l  and t h e  logar i thm 
f t h e  f r a c t i o n  of t h e  s u r f a c e  covered wi th  adsorbed hydrogen. 
ithm of t h e  amount of hydrogen adsorbed wi th  a d d i t i v e  minus t h e  loga- 
ithm of t h e  amount of adsorbed hydrogen wi thout  a d d i t i v e . )  The s lope  
f t h i s  l i n e  i s  0.059 v o l t s .  
ave been obta ined  wi th  p l o t s  of AE ver sus  log  8 when sodium hypo- 
hosph i t e  was used as an a d d i t i v e  on n i c k e l  (F igure  4 )  and a t  low 

(Loga- 

S i m i l a r l y  s l o p e s  of approximately 0.059 

hydrogen coverages when a c e t o n i t r i l e  was used a s  an a d d i t i v e  on i r o n  

However, i f  p-benzoquinone i s  used a s  an a d d i t i v e  i n  2 N  s u l f u r i c  
a c i d  and p l a t i n i z e d  plat inum i s  used a s  t h e  e l e c t r o d e ,  F igure  6 shows 
t h a t  a p lo t  of A E  versus  log  8 g ives  a s t r a i g h t  l i n e ,  b u t  i n  t h i s  ca se  

( the  s lope  i s  equal  t o  0.14 .  
! tha l ened i su l fona te  i s  used a s  an a d d i t i v e  i n  2N sodium hydroxide 
))solut ions wi th  n i c k e l  as t h e  e l e c t r o d e s  (F igure  7 ) ,  a p l o t  of t h e  
\ s h i f t  i n  p o t e n t i a l  a g a i n s t  l o g  8 g ives  a s t r a i g h t  l i n e  wi th  a s l o p e  

Again i f  t h e  disodium s a l t  of 2 ,7  naph- 

>of  0 .12 .  

\Discussion of Resu l t s  

l i n g  t h e  s u r f a c e  s i t e s .  
The a d d i t i v e s  can change t h e  amount of  adsorbed hydrogen by block- 

This  merely changes t h e  va lue  of 8;  equi l ibr ium 
i s  reached a t  a new po in t ; ' and  t h e  p o t e n t i a l  w i l l  s h i f t  i n  accord  wi th  
A E  = 0.059 log 8 o r  i f  8 i f  small O E  = 0.059 l o g  8. (I) 

1 1-8 

. r e a c t i n g  w i t h  t h e  adsorbed hydrogen. I f  t h e  r e a c t i o n  occurs  d i r e c t l y  
' w i t h  t h e  hydrogen atoms, t h e  p o t e n t i a l  of t h e  hydrogen e l e c t r o d e  w i l l  

The a d d i t i v e  can a l s o  change t h e  amount of adsorbed hydrogen by 
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s t i l l  be c a l c u l a t a b l e  from Equation (I) i f  t h e  r a t e  of exchange of 
e l e c t r o n s  between adsorbed hydrogen atoms and t h e  e l e c t r o d e  is  rapid.  
However, t h e r e  i s  a second mechanism of r educ t ion  which involves  t h e  
t r a n s f e r  of an e l e c t r o n  from t h e  hydrogen through t h e  meta l  t o  the  
adsorbed a d d i t i v e  (M-Add) which i s  reduced e l e c t r o n i c a l l y .  

M-H ________j M + H+ + e- 
M-Add + e- __I_$ M-Add' 

I n  t h i s  case t h e  a d d i t i v e  behaves l i k e  an  anodic  c u r r e n t  and a t  con- 
s t a n t  hydrogen ion  c o n c e n t r a t i o n  t h e  s h i f t  i n  p o t e n t i a l  i s  given by 

M-Add' + k!+ -> M + Add-H 

t h e  equat ion  

A t  2 5 O C  i f  a i s  assumed t o  be f t h i s  becomes 

A E  = 0.12 l o g  - e . 
1-8 

I f  8 i s  small  compared t o  one,  t h i s  equa t ion  reduces  t o  
A E  = 0.12 l o g  e .  (11) 

The decomposi t ion of t h e  hypophosphi te  ion  on t h e  s u r f a c e  of n i c k ,  
i n c r e a s e s  t h e  amount of  hydrogen on t h e  s u r f a c e .  This  i n c r e a s e  un- 
doubtedly i s  i n f l u e n c e d  by t h e  presence  of adsorbed r e a c t a n t s  and 
p roduc t s .  It can be seen (Figure  3) t h a t ,  i n  agreement w i t h  theory,  
t h e  change i n  p o t e n t i a l  i n  t h i s  s i t u a t i o n  fo l lows  Equat ion (I) .  

plat inum hydrogen e l e c t r o d e  has  been p rev ious ly  a t t r i b u t e d  t o  t h e  
b locking  a c t i o n  of t h e  n i t r i l e .  
t h e  cond i t ions  of  t h e  exper iment ,  a c e t o n i t r i l e  i s  reduced both on 
p l a t i n i z e d  plat inum ( 4 )  and i r o n  ( 5 ) .  S ince  t h e  s h i f t  i n  p o t e n t i a l  
(F igure  4 and 5) fo l lows  Equat ion ( I ) ,  i t  i s  ev iden t  t h a t  t h i s  r e d u c t i  
occurs  by d i r e c t  a d d i t i o n  of adsorbed hydrogen atoms. 

The graphs showing t h e  e f f e c t  of p-benzoquinone on t h e  p o t e n t i a l  
of t h e  pratinum-hydrogen e l e c t r o d e  and t h e  disodium s a l t  of 2 , 7  naph- 
t h a l e n e d i s u l f o n a t e  on t h e  nickel-hydrogen e l e c t r o d e  i n d i c a t e s  t h a t  t h i  
d a t a  fo l lows  Equat ion  (11). This  shows t h a t  t h e s e  compounds a r e  reduc 
by t h e  e l e c t r o n i c  mechanism i n  agreement wi th  t h e  accepted  mechanism ( 
The r educ t ion  of  t h e  s u l f o n a t e  a t  n i c k e l  e l e c t r o d e s  has been discussed 
by s e v e r a l  workers  (7,8) and i t  i s  probable  t h a t  i t  i s  an  e l e c t r o n i c  
mechanism. 

metal-hydrogen e l e c t r o d e  upon t h e  a d d i t i o n  of an a d d i t i v e  can be used 
t o  i n d i c a t e  t h e  mechanism of i n t e r a c t i o n  of t h e  a d d i t i v e  w i t h  t h e  
hydrogen. 
i s  reduced by d i r e c t  a d d i t i o n  of a tomic hydrogen on i r o n  and p l a t i n i z e d  
plat inum e l e c t r o d e s .  
p-benzoquinone on p l a t i n i z e d  plat inum and t h e  2 , 7  naphtha lenedisu l fona te  
ion  on n i c k e l  proceeds  by an  e l e c t r o n i c  mechanism. 

The e f f e c t  o f  a c e t o n i t r i l e  on t h e  p o t e n t i a l  o f  t h e  p l a t i n i z e d  

However, it has  been shown t h a t ,  unde 

I n  summary it h a s  been shown t h a t  t h e  s h i f t  i n  p o t e n t i a l  of a 
$ 

I 

From t h e  observed d a t a  i t  was concluded t h a t  a c e t o n i t r i l e  

It  w a s  a l s o  concluded t h a t  t h e  r educ t ion  of 

1 

We wish t o  thank  t h e  Robert  A.  Welch Foundation of Houston f o r  
t h e i r  support  of t h i s  s tudy .  
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Fig.2. Current Voltage Curve for Oxidation of Hydrogen on Iron 
in 2N NaOH 

Slope = 0.059 
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Fig.3. Effect of Acetonitrile on Platinum-Hydrogen Electrode 
in 2N H2S04 
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Fig.4. Effect of Sodium Hypophosphite on Nickel-Hydrogen Electrode 
in 2N NaOH 
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Fig.5. Effect of Acetonitrile on the Iron-Hydrogen Electrode 

in 2N NaOH 
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Fig.6. Effect of P-Benzoquinone on the Platinum-Hydrogen 
Electrode in 2N H2S04 
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Fig.7. 

1 + Log Fraction of Surface Covered with Hydrogen 
Effect of 2,7 Naphthalenedisulfonate on Nickel-Hydrogen 

Electrode in 2N NaOH 
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METHODS FOR DETERMINING THE STRUCTURAL AND STOICHIOMETRIC CHANGES OF 

Ni(OH)2 ELECTRODES DURING POLARIZATION IN ALKALINE ELECTROLYTE 
Michael A. A ia  and Frederick P. Kober 

The Bayside Laboratory, research center of 
General Telephone & Electronics Laboratories Incorporated 

Bayside, New York 

Of the small number of metal oxides that a r e  useful a s  electrode materials for alkaline bat- 
ter ies ,  nickel hydroxide combines several desirable characteristics: (1) it is practically 
insoluble in concentrated alkaline electrolyte, (2) it produces a stable, relatively high poten- 
tial during discharge, (3) it can be efficiently charged and discharged thousands of times, 
and (4) i t  withstands overcharge and overdischarge with relatively little damage. For these 
reasons, nickel hydrodde is the most commonly used positive electrode material for alkaline 
cells. 
The details of the reactions that occur at the nickel hydroxide electrode in alkaline electrolyte 
remain poorly defined. 
Ni(OH)2 and i s  gradually converted to some hydrated nickel oxide (usually written NiOOH) 
during anodic polarization. Some characteristics of the hydrated nickel oxide obtained by 
electrolysis of nickel hydroxide a r e  black body color, small particle size, and non-stoichio- 
metric composition. These characteristics present a number of analytical problems, for 
example, absorption spectroscopy is limited to the infrared, and the small particle size 
causes diffuse x-ray diffraction patterns. Consequently, the crystal structures of the hydrous 
oxides of nickel have not yet been determined. In the present work, physical, chemical, and 
electrochemical approaches were used to obtain information on the structure, composition, 
and hydration states of nickel hydroxide a s  a function of i t s  oxidation state. 
Experimental Procedures 

Electrodes were prepared by impregnating porous sintered nickel plaques of 80 percent po- 
rosity with Ni(OH)g. The plaques were dipped in nickel nitrate solution and then cathodically 
polarized in concentrated KOH solution. 5 The impregnated electrodes were charged and dis- 
charged several times before the nickel hydroxide was anodized to different states of charge. 
Before analysis, electrodes were washed and dryed in nitrogen o r  vacuum and then ground 
with a mortar and pestle. Iodometric analysis for active oxygen in the ground powders indi- 
cated that the preparative treatment did not significantly decompose the samples. Active 
oxygen was determined by dissolving 0.1 g of sample in  a sodium acetate-buffered solution of 
acetic acid containing potassium iodide and starch indicator solution; the iodine liberated was 
titrated with 0 . 1  N sodium thiosulfate solution. 
analysis of the samples, as well as the principal results obtained, a r e  summarized in Table I. 

It is well established that the starting material has the structure of 

The methods used for further treatment and 

1 TABLE I 

Methods Used and Principal Information Obtained 
Technique Principal Results 

X-ray Powder Diffraction Overall structure and particle size. 1 

Hydrothermal Treatment 
Infrared Absorption 
Thermal Decomposition (DTA and TGA) 
Mass Spectrometry 
Chemical Analysis (o/c Ni, K, H20, 0) 
Constant Current Polarization 

Improved crystals for structural studies. 
Vibrational spectra of protons. 
Nature of hydration states. 
Analysis of thermal decomposition products. 
Composition and stoichiometry. 
Electrical capacity and potential. 

Results and Discussion 

Considerable information can be obtained from x-ray powder diffraction patterns, but the 
results are often ambiguous in  the absence of supporting data from single crystal work. In 
spite of all the compositions and x-ray diffraction patterns that have been reported for oxides 
and hydrous oxides of nickel, only the structures of NiO (rocksalt) and Ni(OH)2 @rUCite) have 
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:en defined. Even Ni(OH), has never been studied in detail probably because of the difficulty 
I obtaining single crystals: Some structural assignments have been made from x-ray powder 
ffraction analysis. Ni(0H)z has the hexagonal layer structure of brucite,4,13 and the space 
roup is D j  
9 shown sciematically in Fig. 1. The D3d site symmetry and layering of the N i  and 0 atoms 
I the unit cell can be seen in Fig. 2. Adjacent OH groups a r e  free, i. e. , not connected by 
ydrogen bonds. 

he x-ray powder diffraction patterns of nickel hydroxide, as precipitated and in  various 
tates-of-charge, a r e  summarized in Fig. 3. The lattice becomes distorted, and the patterns 
>se some of their features as the oxidation state of nickel hydroxide is increased. A shift to 
irger values for  the dhkl-spacing of the (001) reflection occurs during oxidation and provides 
direct measure of the expansion of the lattice in the +-lirection of the unit cell (Fig. 2). 

'his expansion has also been observed by Harivel and co-workers. 7 A more quantitative 
xplanation of the structural disorder occurring during anodic oxidation of Ni(OH)2 was given 
{ecently by R .  Ritterman and co-workers. A s  shown in Fig. 3 lattice distortion eventually 
auses the appearance of a new phase, termed Ni203. H20 by Cairns and Ott, 
ilemser and Einerhand,6 and alpha-phase by Tyomi. 18 A major characteristic of this highly 
ddized phase is the diffraction band at d = 6.9 A. Sharp x-ray diffraction patterns for Ni(OH)2 

a d  Ni2O3. H20 treated hydrothermally in 10 E KOH solution for  several days, also shown in 
'ig. 3, indicate the utility of the hydrothermal method for obtaining materials suitable for 

, tructural studies. 1 The crystal structure of the material obtained by hydrothermal treat- 
nent of Ni2O3. H20 i s  still under study. 3 In agreement with crystal field calculations, 12 the 
werall symmetry i s  lower than hexagonal. 

nfrared spectroscopy was a useful complement to the x-ray diffraction analysis because of 
t s  ability to detect changes in the bonding of protons and water in the lattice. As can be seen 
n Fig. 4, infrared spectra show the OH vibrations characteristic of non-hydrogen-bonded OH 
groups in both the starting Ni(OH)2 and in the discharged electrode. As the oxidation state 
~f the nickel hydroxide is increased, the intensity of the f ree  OH vibrations decrease, while 

vibrations due to hydrogen-bonded water appear in the spectra. '9 lo 

,Xfferential thermal analysis (DTA) curves, shown in  Fig. 5, established that the energy re- 
quired for thermal decomposition of Ni-OH groups decreases continuously as  Ni(0H) is 
brought to higher oxidation states. 2 The relative areas under the second peak are in2dicated. 
From Fi 5 i t  can also be seen that the loosely bound water always found in precipitated 
Ni(OH)Z,%. lo (approximately 0 . 3  mole H20 per mole Ni(0H)Z is more discretely bound in 
charged electrodes, especially after the structural change to Ni2O3. H20 (YNiOOH) occurs. 
For example, compare the first peaks of curves A and J. 

Chemical analysis showed that the decrease in hydroxyl water content is accompanied by a 
corresponding gain in "active oxygen," [ O ] ,  content. 
essentially constant2 at 1 . 3  moles per  mole NiO, a s  shown in Table II. 

P h i l .  The overall structure is composed of complete layers of NiO6 octahedra, 

y-NiOOH by 

The sum of H20 and [O] remains 

TABLE II 
Chemical Analysis of Dried Nickel-Hydroxide-Impregnated 

Electrodes in Various States-of-Charge 
Moles per Mole Ni 

State-of-Charge K 22E 
Over discharged < O .  01 0.10 1.20 

68% Charged 0.08 0.41 0.84 
100% Charged 0.14 0.55 0.70 
660% Charged 0.16 0.81 0.50 

The constancy of the total oxygen content of vacuum-dried samples was confirmed by neutron- 
activation analysis for oxygen which showed 33 .6  weight percent in the discharged nickeI 
hydroxide and 33 .8  weight percent in the overcharged material. The electrochemical equi- 
valent of the active oxygen found by analysis was in quantitative agreement with that calculated 
for the amount of charge passed up to about 1 . 2  Faraday per g. at Ni. For example, after the 
passage of 1 Faraday per g. a t  Ni the active oxygen content was 0.5 g. at pe r  g. a t  Ni. 
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Table 11 also shows that the potassium ion content of the nickel hydroxide increases continuousl. 
throughout oxidation in KOH electrolyte. The take-up of potassium ions is reversible, and 
practically no K+ remains in the lattice after discharge. 2 The sorption occurs, to a lesser 
degree, in NaOH solution but not in LiOH where only 20 ppm Li was found after extended anodic 
polarization. The sorption of alkali metal cations, which is apparently contrary to the flow of 
current, seems to play an important role in the rate  and extent of structural transformation 
of Ni(0H)Z to NizO3. H 2 0  (FNiOOH). The tendency for structural conversion decreased in the 
order K+ > Rb+ > Na+ > Cs+ > Li+, a s  will be described in detail in a subsequent paper. 3 There 
was no evidence in x-ray patterns for the formation of y-NiOOH in LiOH soldtion, which agrees 
with Tuomi's results. 18 Furthermore, infrared absorption indicates that the OH group of 
the solid phase remain free throughout oxidation in LiOH, and there is no evidence for the 
hydrogen bonding that occurs in KOH and NaOH. 

Thermogravimetric analysis (TGA) shows that about 10 percent H20 is removed from the 
charged material up to a heating temperature of 150°C, a s  shown in Fig. 6(a). Heating to 
higher temperatures causes the layer lattice to break down, and NiO is observed in the x-ray 
diffraction patterns (see top of Fig. 6).  Above 250°C the surface area of the material begins 
t o  decrease rapidly, a s  shown in Fig. 6@). The surface areas  were calculated from line 
widths qn the x-ray diffraction pattern, using the method described by Keeley. The line a t  
d = 6.9 A was used for y-NiOOH up to 140"C, and the line at  d = 2.41 A was used for Niqfrom 
140" to 400°C; line widths were compared to that of the Ni spacing peaking a t  d = 1.762 A. 
Using gas adsorption, Salkind and co-workers16 reported values of 61-80 m2/g for the active 
material  in discharged nickel hydroxide electrodes; in charged electrodes, the surface area 
was about 1 0  percent higher. 17 The loss of surface area starts a t  higher temperatures than 
the loss of electrochemical capacity stored by the charged material, as shown in Fig. 6(c). 
Infrared analysis has shown that the capacity loss caused by thermal treatment of charged 
electrodes is accompanied by a co r re s  onding loss in the intensity of absorption due to 
"hydrogen-bonded water" at 580 cm-l In discharged electrodes the thermally induced 
loss of electrochemical activity is directly related to the loss in intensity of free OH vibrations 
in the infrared spectra. 10 The gases released during thermal decomposition were analyzed 
with a mass  spectrometer. 3 The results for a charged material corresponding to NiOOH show 
that oxygen, a s  0 2 ,  was released from previously vacuum dried, charged material in appreci- 
able amounts only above 200°C; the rate of evolution of 02  was fastest a t  about 250°C. X-ray 
diffraction data showed that above 250°C the NiO became much better crystallized and the 
surface area decreased rapidly. From TGA, the amount of 0 2  plus residual H 2 0  evolved from 
150" to 400°C was close to 9 percent of the starting weight; the theoretical [ O ]  content of 
NiOOH is 8 . 7  percent. 
Summary 

A wide variety of standard methods of analysis were used to study changes that occur in the 
structure and chemical composition of nickel hydroxide electrodes during anodic polarization 
in concentrated aqueous solutions of Group I metal hydroxides. X-ray diffraction patterns 
indicate the general nature of the distortion and expansion of the unit cell, but give no infor- 
mation on the hydration states. Infrared absorption spectra reveal the continuous alteration 
of hydroxyl si tes and the formation of hydrogen-bonded water when Ni(0H)z is anodized in 
7 5  KOH. Electrochemical activity was found to be closely related to the quantity of hydroxy1 
sites in the solid phases. Thermal decomposition analysis shows that the start of loss of 
electrochemical activity is accompanied by the formation of NiO and the loss  of water of 
constitution, but not the loss of surface area.  

I 

' 
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THE FI?IITE CGLTACT ANGLE IX FOROUS ELEXTRODES AID ITS COi'!CEQLT-'?ES 

John O'M. Bockris and Boris C .  C a h a n  

The Electrochernistry Leborstory 
The  University of Pennsylvani? 

Philadelphia, Pa. 191.04 

The theoret iccl  solution of t h e  porous electrode has been impeded by two major 
interreleted problem. The f i r s t  i s  theschoice of a proper m d e l  tha t  i s  amenable 
t o  x t h e n a t i c a l  treeti lent,  end the second is a solvable mathematical expression 
compatible w i t h  the physical nodel. 
several  ways. 

The choice of a model has been tackled in  

A number of authors "2yetc' have t reated the e n t i r e  porous electrode as  a d i s -  
t r ibuted qetwork of interconnect- pores conta in iw both f u e l  and electrolyte  and, 
on some s b a t i s t i c a l  bas i s  depending on the i r  exact choice of model, proposed any of 
several  rate-controll ing factors ,  and then se t  up equations which they then further 
simplified and l inear ized t o  get an analytic solution. This approach ignores the 
localized nature of the actual  three phase region, and can lead t o  somewhat unreal- 
i s t i c  models. For example, t o  make the mathematics eas ie r ,  the  random network of 
interconnecting passages between t h e  par t ic les  of a sintered porous electrode i s  
frequently 'replaced' by a s e t  of uniform cyl indrical  tubes running through the 
porous electrode. Even forget t ing t h a t  the ' rea l '  porous s t ructure  rather resem- 
bles  a three-dimensional 'string of beads ', with -Telatively large voids intercon- 
nected by small non-circular in te rs t ices ,  individual pore behavior may be so 
dependent on gore s ize  t h a t  it is misleading t o  assign some 'average' value t o  the i r  
diameter. 'Calibrating' factors  such as ' tor tuosi ty '  can of course always be added 
t o  make the solution conform, but they ra ther  tend t o  obscure t h e  basics involved. 

The other approach generally taken is t o  consider the  loca l  question i n  the 
meniscus region it e l f ,  and t o  forget the s t ructure  of t he  porous electrode. Thus, 

and diffusion of atomic hydrogen t o  the  e lec t ro ly te .  
yields  far  too low currents  in  a prac t ica l  case. 

for  example, J u s t i  3 proposed a dissociative adsorption on the bare ca ta lys t  surface 
This treatment, however, 

4 W i l l  i n  a paper widely quoted i n  recent treatments of the subject,  suggested 
t h a t  a ' thin fi lm' above the meniscus was the primary active region and showed good 
agreement w i t h  experiments using a p a r t i a l l y  knmersed platinized platinum electrode. 
Attempts t o  apply t h i s  concept t o  ' real '  electrodes leads t o  some inherent contra- 
d ic t ions .  
culates  a -5 t o  1.a f i l m .  But i n  a real porous system, where typical  pore sizes 
are below 1 a, t h i s  leaves no roan f o r  the  gas phase, and the electrode would in  
effect  be canpletely flooded. Further, since many working fuel c e l l s  are water- 
proofed with 'Teflon' or paraffins, a ' thin fi lm' should be inherently unstable. 

In order t o  account for the currents produced in h i s  meniscus, W i l l  cal-  

Experimental: I n  order to  test t h e  various theories,  a simulated single pore 
with two-dimensional symmetry was constructed using closely spaced precision 
parallel plates  (Fig. 1). 
f la t  Si% block ( D ) .  
that its spacing t o  an Si02 window (E) can be varied,  thus varying the effective 
s l i t  width. This geometry w a s  chosen rather  than tha t  of capi l la r ies  because it 
gave a meniscus length independent of spacing, and permitted d i rec t  microscopic ob- 
servation of the meniscus region. 

The electrode i s  a sputtered Pt  f i lm ( C )  on an optically 
This block i s  mounted on a Teflon piston i n  a Teflon c e l l  60 

In most cases, the Pt was in the form of a th in  f i lm sputtered onto 8 sub-film 



thickenss of the l iquid i n  the meniscus, and i n  any ' th in  films' which might have 
been present. 
microcinematography. 

The fringes were measured visual ly  and by microphotography and 

ExRrimental r e su l t s  : 

were not rigorously cleaned, the neniscus edge w a s  always erratic and irregular and 
showed strong hysteresis on lowering and rais ing the meniscus level.  

\, i n & ,  the neniscus edge was extremely s t ra iqht  , any l oca l  var ia t ion from l inea r i ty  
us;lally being l e s s  than 25 u, t he  limit detectable with the 60 X microscope which 
was used. 

' pm) and then lowered a 's table '  f i l i n  was produced above the  l iquid which slowly 
drained t o  a thickness of about .5 t o  1 U.. When the  potent ia l  was lowered below 
.b t o  .B V ' t k  film s p l i t  f o r 3 h g  a f i n i t e  contact angle (of between 2-6' depending 
on conditions), a region with a teardrop shaped cross section above it where the 

broken, it was not possible t o  re-establish it except by ac tua l  r e - h e r s i o n  at 

1. Optical: On the polished netal f o i l ,  and on the.sputtered films which 3 
After clean- 

>%en the neniscus was ra ised i n  the s l i t  at a potent ia l  > 0.8 V (vs. 

" fi lm had been, and a bare space between them (see Fig. 3).  Once the  t h i n  fi lm was 

\ 



higher potentials. 
.6 V, it always ran down smoothly, maintaining a f i n i t e  edge, and leaving f i b .  
(Rapid lowering at the meniscus also produced a f i n i t e  edge but frequently l e f t  
isolated 'islands' of solut ion behind.) Variation of potent ia l  in the f i n i t e  edge 
meniscus increased the  contact angle (in accordance w i t h  changes of in te r fac ia l  
tension changes), but it never decreased s igni f icant ly  unless disturbFd by other 
causes. 

If the meniscus w a s  lowered slowly at potentials below about 

2. Electrochemical: Measurements w i t h  H2 under 'd i r ty '  conditions were gen- 
e ra l ly  irreproducible end showed marked decay of current with time a t  constant 
potent ia l .  
ally and cathodically (care being taken not t o  evolve €I2 or 02 on the immersed 
surface) but the currents from electrodes so t reated dropped s teadi ly  over periods 
of  hours. 

The electrode could be 'activated' by cycling it back and for th  anodic- 

In clean systems, e r r a t i c  behavior was obtained while the ' th in  films' drained, 
but when a f i n i t e  edge m s  established, the  currents s tabi l ized and were generally 
reproducible within 2 2-5$. Occasinnally, the electrodes were mildly 'activated', 
but the simple ac t  of measuring the currents at potent ia ls  from 0-1V and back 
sufficed for hours at a the. 

Figures 4 and 5 show typical  E-I curves obtained with H2 and w i t h  02 at 1 atm 

This apparent res is tance (about loo0 -n fo r  a 1 an long menis- 
i n  1 B H&O4. Both c u r n s  show a highly linear 'pseudo-ohmic' behavior over a wide 
poten t ia l  region, 
cus) was indepndent of the inrPersed length of the electrode. 
res is tance of the  soJution frm the meniscus b o t t m  t o  the bottcm of the s lo t  w88 
only ao'out 25 Jl in t h i s  case.) 
t o  'activation' than was that of hydrogen. 
the intercept of I on the  V axis varied with act ivat ion.  

(The calculated 

The oxygen reduction react ion was  more sensitive 
The value of dI/dV was constant, but 

3. Meniscus heatinq: A s  reported e s r l i e r Y 5  at higher polarizations ( i . e .  
> N . 5  V )  8 def in i te  a c t i v i t y  above the meniscus w88 observable with the microscop. 
This ac t iv i ty  took tvo d i f fe ren t  farms, depending on w h e t h e r  the  system WBB 'clean' 
o r  'd i r ty ' .  In the 'd i r ty '  system, both on Ft f o i l  and on the  s p t t e r e d  fllm, a 
'fog' of minute droplets grew, coalesced and drained dawn in to  the meniscue, per- 

m i t t i n g  new drops t o  grow in  t he  drained regions. 
condensed l iquid grew 25-100 th abwe the meniscus edge. 
unstable and &abed  down loca l ly  into*the meniscus (never draining 'dry', however) 
detached, and continued growing again. This band was not continuous with the m S b  
meniscus except d u r w  the  drainage, a - f i n i t e  edge being observable at al l  tlmee. 

On the basis of the detailed physical description of the system 

In 'clean' systems, a band of 
As the  band grew, it became 

Discussion: 
obtained through the opt ica l  masurupents, a d i f f e r e n t h l  equation vas s e t  up t o  
describe the system as closely as possible.  
involved in the ' f i n i t e  contact angle men~sCu8'. A t  small pore S h e 8  ( <  1 m), 
the surface of the gse-liquid interface can be represented very closely by the 
surface of a cylinder, the surface of which is shown as the c i rcu lar  arc (in crOS8 
sect ion normal t o  the electrode surface). 
Of the meniscus with the surface, the equation fo r  the  c i r c l e  then bCCCme8 

(x - f.012 + (7 - yo)2 = R ;at x = 0, y = 0, R (< + ~2,)l/~, and e: contact angle 
= t d  

*!he phenawnon, although d i f f i c u l t  t o  describe verbally, appears very sFmilar, 

Figure 6 shows the relevant geometries 

kt x 0 be the point of intersection 

2 

(%/yo . The gas (H2) dissolves in the e lec t ro ly te  and diffueee t o  the 

except in scale ,  t o  the ring of condensing alcohol observable above the meniscue in 
a par t i a l ly  f i l l e d  sherry glass. 
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electrcde.  .4ssuning e q u i l i b r i u  disso!.ution and steady s t a t e  diffusion, including 
a l inear concentration gradient (6 is  m r n  l ess  than .05 cm) the  diffusion d i s -  
tance, Q. from a point ' ' a t  the metal l ies  on a radius of the c i r c l e ,  such that 
6 =  [(X - xo )2 + $]1?2 - R.  (Note : This is not s t r i c t l y  true since v-c # 0 ,  
but quite reasonable a t  small x, where the 'C'  is large,  and unimportant a t  large X 
where 'C'  is small.) 
current density i, I 

(where 9 is a non-mechanistically significant constant, but can be varied i n  the 
solution t o  represent the experimental Tafel slope, and TX i s  the t o t a l  potential  
jump at the metal-solut ion interface).  

A t  the electrode surface the gas reacts g i v i q  a local 

ix = io ( C x / C o )  exp(EnxF/RT) (1) 

I n  a th in  c t r i ?  'dx' deep in to  liquid lcm ( in to  the plaae of the  paper) 
between x and x + dx (see Fig. 7) the t o t a l  current Ix+& has becnjncreased from 
I, by the amount i x - d x . l ,  or 

( A  minus sign i s  used her? because the ion current is ;reduced by pos. H+ ions, 
but the sme equetion r e su l t s  if the oi?posite sign convention i s  used.) 

Considering the diffusion of gas t o  the surface (and assuming a linear case as  
DZF(Cc - Cx) dIx 

(3) - -  
described Pove ) 

- d x  lX = 
A 

Considering the vol twe in  the solution, as the  current, I,, passes through I 
I th? t h i n  s l i ce  there w i l l  be an E. drop fron x t o  x+dx @f 

c Thus ,  

sclving (7)  for dIx/dx: 
d I x  i,exp(Qnp/RT) 

SolvLnq eqn. (5)  for  I,, I, = - (bx/o)(dVx/dx) and differentiat-, 

,! frm geometry 

I ' snd combining (8) and (10) 

1 
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1 (X - Xo) dVx P i o  exp(S't?F/RT) - 
dx2 +6,(6x+R) =' 'L 1 + (io6x/DzFCo) exp(S@/RT)J 

Matching the potent ia l  i n  the solution with the potential  a t  the boundary 

(I1) 

(since the metal i s  considered t o  be equipotential)  , 
ana--- "x d'll 

dx - dx L V x -  E(Rev. fo r  Co) 
I 

Thus, f inal ly ,  

This equation i s  not solvable anal~ically, but it was ,mogrsrmned in Fortran IV for  
solution on a d i g i t a l  computer. Sane typ ica l  resu l t s  of t h i s  computer solution are 

Figures 9 and 10 are typical  combined plots of the local current density (D),  
potent ia l  (V), the  integrated current fkcan the t i p  t o  the pint l x l  ( C ) ,  the local 
polarization p e r  loss density, and the  1% pawer loss density in the electrolyte 
for+ a particular potent ia l  (Vap*kd = .23V) in the case of a gas electrode in  
1 N H$O4, assuming for the constants involved D = 1.8 x 10-5 &/see; x - 1.5 x 

and Co = 1.2 x 10-5 moleS/cm3 where & of the constants involved are experiment- 
ally determined. 
and vs. the log of the distance in Fig. 10. 

10-3 m; yo = 4.3 x 10-2 a; P = 4.65nm;  B F ~ T  = 60 m; z = 2; io = 18-g 

The values are  plotted vs. linear distance f r o m  the t i p  in 9, 

The equation has been solved for a number of variations of the experimental 
constants FnMlved, but the results are too numerous t o  include here. 
able interest  is t h e  f a c t  that the  solution shows that most of t current a t  
higher polarizetione is produced within very short  distances (10% t o  10-5 cm fran 
the t i p )  and that the current per cm of meniscus is relatively ixtdepedent of the 
pore s ize .  The obvious conclusion i s  that aqy catdLyst which i s  any further than 
10-5 an frcm a meniscus edge is worthless a t  hi@ polarizations. 

O f  consider- 

To t e s t  this 
on microporous substrates which 

surface, but yielded currents UP 
difYusion control with H2, and shaved 

'TafeUien' behaviar with 0, up t o  100 ma/&. 
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Figure 1: Cross section of s lo t  electrode ce l l :  
A. Gas space 
B. Electrolyte 
C .  P t  f i b  on "D" 
D. S i0  
E. S i0  

op t i ca l  f l a t  block fo r  electrode 
opt ical  f l a t  p la te  fo r  window 

F. Teflon piston 
G. Teflon c e l l  body 
H. Pd-II bead f o r  reference electrode 
I. Pd tube f o r  counter electrode 
.T. Piston-micro-burette for  changing electolyte  l eve l  - ~~- 

K. O-ring seals f o r  piston 
L. E lec t r ica l  connection t o  rear Of electrode "C" 
M,M'. I n  and out t ranslat ion of piston varies " s l O t "  spacing 
N,N' . Piston "J" varies meniscus leve l  
0; Gas in le t  
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Figure 3: C r e a t i m  of f i n i t e  meniscus from wetted fi lm 
(Borizontal dimensim greatly exaggerated) 
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I 

Figure 9: Computer plot of the local values of the variables i n  the 
meniscus for a given potential plotted with linear distance. 

Figure 10: Computer plot of the local values of the variables in the 
meniscus for a given potential plotted with lomrithm of 
the distance. 
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ZLZECPRODEPOSITED PLATIIKIM AND PLATINUM-LEAD ELECTROCATALYSTS 
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U n i t e d  Ai rcraf t  Rese-rch Laborator ies  
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I 

Finely di.iided Pt and Pt-Pb black powders have been used f o r  some time as 

These blacks have been prepared by a number Of 
anode c z z a l y t i c  m.-terials f o r  t h e  oxidat ion of hydrocarbons and hydrocarbons 
containing oxygen i n  f u e l  c e l l s .  
j i f f e r e r L i  methods w i t ! l  t h e  end result t h a t  each prepara t ive  method and even 
..-ori?.+,ions w i t h i n  a gi.:en method y ie ld  c a t a l y s t s  of  d i f f e r e n t  a c t i v i t y .  
subjec t  of t h i s  pa.per is a s tudy of t h e  micros t ruc tura l  and electrochemical  surface 
f r e a  c h z r n c t e r i s t i c s  of Pt and Pt-Pb electrodeposi ted blacks prepared under 
d i f f e r e n t  e lectrochemicel  condi t ions and is p a r t  o f  an o v e r - a l l  program on eleCtr0- 
c a t o l j t i c  m3ter ia l s .  

The 

i 

EXF'ERIMXIWAL APPRaACH 

Three important aspec ts  o f  preparing c a t a l y s t s  by e lec t rodepos i t ion  were 
s t u d i e d .  These were t h e  e f f e c t s  of t h e  e lec t rode  s u r f a c e  micros t ruc ture  upon 
which t h e  c a t a l y s t  nucleates  and grows, t h e  cur ren t  d e n s i t y  during electrodepo- 
s i t i o n  and t h e  Pb ion concentrat ion i n  t h e  p l a t i n g  so lu t ion .  Earlier i n  t h e  
program, it was observed t h a t  t h e  electrochemical  sur face  area and a c t i v i t y  of 
e l e c t r o l y t i c a l l y  prepared Pt blacks varied with d i f f e r e n t  sur face  t reatments  
of  t h e  e l e c t r o d e  s u b s t r a t e  p r i o r  t o  e lec t rodepos i t ion .  Repl icat ion e lec t ron  
microscopy i n  conjunction with electrochemical  sur face  area measurements were 
performed t o  e s t a b l i s h  whether o r  not d i f fe rences  i n  nuc lea t ion  and growth of  
Pt and Pt-F'b blacks could account f o r  such d i f fe rences .  Cross-sect ions of  t h e  
electrodeposi ted l a y e r s  were also examined. 

t h e  depos i t ion  parameters, cur ren t  dens i ty  and pb concentrat ion of t h e  p l a t i n g  
so lu t ion .  Tnese results were cor re la ted  with c a t a l y t i c  a c t i v i t y  f o r  t h e  e lec t rode  
oxidat ion of h.;drocarbon f u e l s  s tud ied  i n  o t h e r  p u t s  of  t h e  program. The sur face  
a reas  were measured using a charging method which involves t h e  measurement of  t h e  
number o f  coulombs required t o  remove a monolayer of  adsorbed hydrogen by e lec t ro-  
chemical oxidat ion from t h e  s u r f a c e  of t h e  c a t a l y s t ,  The inf luence  o f  t h e  concen- 
t r a t i o n  of E% upon t h e  charac te r  of t h e  c a t a l y t i c  depos i t  was s tudied  both micro- 
s c o p i c a l l y  and e l e c t r o l y t i c a l l y  employing t h e  same methods as metitioned above. 

The extent  of e lectrochemical  s u r f a c e  area was inves t iga ted  i n  regard t o  

DISCUSSION OF EXPERIMENTAL RESULTS 

Microscopy of t h e  Nucleation and Growth of  Pt and Pt-Pb Elec t rodepos i t s  

Electron Microscopx: Repl icat ion e l e c t r o n  microscopical  techniques were 
u s e d  t o  stud;. t h e  nucleat ion a n d  growth of Pt and Pt-Pb e l e c t r o d e p o s i t s  on Pt 
e lec t rodes  which were purposely chemically p r e t r e a t e d  t o  a l ter  t h e  e l e c t r o d e  
topography t o  a s c e r t z i n  what e f f e c t s  topography had upon s t r u c t u r a l  and phys lca l  
p r o p e r t i e s  of t h e  deposi t .  The sur faces  examined were, untreated,  metal lographical ly  
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, polished,  sandblasted and etched by heat, molten sodium carbonate  and aqua reg ia .  

Figure I contains  e l e c t r o n  micrographs i l l u s t r a t i n g  t h e  e f f e c t  of  each treatment on 
the topography. 
e lec t rodes  at d i f f e r e n t  time i n t e r v a l s  f r o n  a 2% aqueous s o l u t i o n  of  H$%C16 a t  a 
cur ren t  dens i ty  o f  100 ma/cm2. Each e l e c t r o d e  was electrochemical ly  cleaned and 
reduced before  e lec t rodepos i t ion .  
on unt rea ted  Pt s u r f a c e s .  
particles which enlarge l a t e r a l l y  with p l a t i n g  time u n t i l  t h e  e l e c t r o d e  sur face  
becomes covered. 
a s p e r i t i e s  and t h e  d e p o s i t s  become smoother. 
t h e  same general  p a t t e r n  with minor v a r i a t i o n s .  

sur faces  a t  cur ren t  d e n s i t i e s  of 10 and 100 ma/cm2 from 0 .1  M H2Ptc16, 2 x 
pbOOCCH3 so lu t ions .  
as f i n e  nuclei  randomly d ispersed  over  t h e  sur face .  
i n t o  a t h i n  smooth grayish  depos i t .  
cur ren t  densi ty-  d i f f e r e n t  from t h o s e  prepared a t  10 ma/cm2 i n  t h a t  t h e  nuclei  
formed more r a p i d l y  and were c o a r s e r  i n  appearance. 
showed some d i f f e r e n c e  i n  mode of nucleat ion.  
and growth on u n t r e a t e d  pt sur faces .  
t h i s  case as t h o s e  descr ibed i n  t h e  previous experiments. However, t h e s e  deposi ts  
were much more fragile t h a n  t h o s e  prev ious ly  discussed.  

J?t w a s  e lec t rodepos i ted  on a s e r i e s  of 1 cm2 a r e a  p r e t r e a t e d  

Mgure  I1 shows t h e  nuc lea t ion  and growth of pt 

, 
1 1  

The e l e c t r o d e p o s i t  appears first as randorply d i s t r i b u t e d  

Fur ther  depos i t ion  appears t o  occur  primarily i n  t h e  sur face  
8 Deposition on o ther  sur faces  follows 

Pt-Pb blacks  were e lec t rodepos i ted  on untreated,  annealed and sandblasted 
M 

The e l e c t r o d e p o s i t s  formed at 10 ma/cm2 on t h e  various surfaces  
These n u c l e i  g r e w  l a t e r a l l y  

The e l e c t r o d e p o s i t s  prepared at t h e  higher 

Each p r e t r e a t e d  sur face  
FTgure I11 shows t h e  nucleat ion 

The same genera l  growth p a t t e r n  p e r s i s t s  i n  

Light Microscopic Surface Analysis: L ight  microscopic examinations of Pt 
and Pt-Pb e l e c t r o d e p o s i t s  prepared at 100 ma/cm2 revealed only rough appearing 
s u r f a c e s  without any d i s t i n g u i s h i n g  f e a t u r e s .  The same examinations for  Pt-Pb 
blacks deposi ted at 10 ma/cm2 d i d  r e v e a l  some d i s t i n g u i s h i n g  features and are 
shown i n  Ngure IV. 
on annealed substrates showing first the smooth depos i t  followed by cracking defects  
and some i n t e r e s t i n g  secondary growth phenomena as t h e  e lec t rodepos i t ion  time was 
advanced. 

This  figure conta ins  a series of photomicrographs for depos i t s  

- Cross-Sect ional  Microscopical  Analysis: E lec t ron  and l i g h t  microscopic 
s t u d i e s  show only t h e  topographical  features of t h e  d e p o s i t s ,  
these depos i t s  were prepared t o  g ive  some concept as t o  t h e  s t r u c t u r a l  character-  
i s t i c s  of t h e  catalyst i n t e r i o r .  
prepared a t  10 and 100 ma/cm2 for Pt and Pt-Pb b l a c k  depos i t s .  
d e p o s i t s  prepsred at 10 ma/cm2 and t h e  Pt depos i t  prepared at 100 ina/cm2 appear 
88 solid films w i t h  v e r t i c a l  cracks.  
is s i g n i f i c a n t l y  d i f f e r e n t  and i s  c h a r a c t e r i s t i c  of  d e n d r i t i c  t y p e  s t r u c t u r e .  

Cross-sect ions of 

F'igure V conta ins  c ross -sec t ions  o f  deposi ts  
Both types  of 

' The Pt-Pb depos i t  prepared at 100 malm2 

Deposit Thickness Growth Rates 
I 

Cross-sec t iona l  a n a l y s i s  also afforded ae a means t o  obta in  information 
regard ing  depos i t  t h i c k n e s s  growth rates and t h e  compactness of t h e  deposi t  from 
depos i t  thickness  measurements, depos i t ion  times and deposit weights. The two 
types o f  depos i t s  were prepared on unt rea ted  Pt e l e c t r o d e s  at time i n t e r v a l s  and 
average f i l m  th icknesses  and depos i t  weights were measured. 

pared  a t  10 ma/cm2 and 100 ma/cm2 r e s p e c t i v e l y .  
and 2.8 x 10-3 mm/sec. 

4 Linear  th ickness  growth rates were observed for Pt and Pt-Pb depos i t s  pre- 
The r e s p e c t i v e  rates are 2 x 10- 

Pt discharged at 100 ma/cm2 w a s  not  l inear and w a s  found t o  



where 4' i s  t h e  
deposi ted 10 
ofi '  and appears 

deposi t  th ickness  and b and m are constants .  
rr-/cn2 shows an i n i t i a l  rapid thickness  growth r a t e  which t a p e r s  
to become l i n e a r  a f t e r  approximately 200 seconds depos i t ion  time. 

The Pt-Pb black 

r ,  Surface I'rea o f  Electrodeposi ts  

Surface Area o f  Pt Blacks Prepared 0" Pre t rea ted  ------ 
sur face  area o f  Pt e lec t rodepos i t s  p r e c i p i t a t e d  at 100 
Pt e l e c r o d e s  is  shown graphica l ly  vs depos i t ion  t ime i n  Figure V I .  
I n d i c a t e  :he inf luence  of sur face  pretreatment  on electrochemical  area. 
press ion  was found which r e l a t e s  s u r f a c e  a r e a  with depos i t ion  t ime for depos i t ion  
9: 100 .n?/cm2 f o r  t h e  f i r s t  400 seconds of  p l a t i n g  time, it is: 

These d a t a  
An ex- 

w!?ere ? 
i!! t? vs 2 p lo ts ,  such as Figme V I .  
s:, 'rstitution of m and an experimental po in t  6 , t. a and m a r e  d i f f e r e n t  f o r  each 
of t h e  depos i t s  on t h e  d i f f e r e n t l y  t r e a t e d  e lec t rodes .  

is :he electrochemical  sur face  area,  m is  t h e  s lope  at high values of time 
Q is obtained by solutjfon of (1) apter 

Surface Area of  F't-Pb Deposits 0" Pre t rea ted  pt Surfaces: The s u r f a c e  a r e a  ---- 
of t h e s e  depos i t s  w a s  
depos i t ions  a', 100 ma/cm2. 
d id  not i c f l u e n c e  t h e  s u r f a c e  a r e a  of t h e  depos i t .  
p l o t s  have average s lopes  of  21.5 mC/mg depos i t .  
which b u i l d s  up w a s  found t o  be  0.05~ g/sec. 
equa:ion was der ived f o r  c a l c u l a t i n g  deposi t ion times t o  prepare  c a t a l y s t s  of 
q p r o x i m a t e  des i red  sunf ,,&e areas; 

found t o  increase  l i n e a r l y  with time o r  d e p o s i t  w e i g h t  fo r  
Furthermore, t h e  pretreatment  of  t h e  s u b s t r a t e  e lec t rode  

Surface a r e a  v s  depos i t  weight 
The average weight of deposit 

From t h i s  information, t h e  following 

a mC/cm2 tsec = 
1.07 

This equal;ion assumes no loss  of c a t a l y s t  due t o  f l a k i n g  o f f  from t h e  e lec t rode .  

s h i p  ce:ween s u r f a c e  area and depos i t  t ime or weight. The amount deposi ted p e r  
u n i t  t h e  - iar ied with e lec t rode  pretreatment  and t h e  rate of i n c r e a s e  i n  s u r f a c e  
area was obser-,red t o  decrease with depos i t ion  time. The experimental d a t a  were 
f o m d  t o  obey t h e  following equation: 

Deposition of t h i s  codeposi t  at 10 ma/cm2 d i d  not show any l i n e a r  r e l a t i o n -  

8 = bp (i / t )" /2  ( 3) 

'L and m are cons tan ts  dependent upon t h e  na ture  of t h e  s u b s t r a t e  s u r f a c e  and a r e  
0tc:ained fro:. g raphica l  p l o t s  of  experimental d a t a .  
densit:r. 
equation ( 3 ) .  

1 is defined as t h e  cur ren t  
Fi6&re VI1 shows t h e  exper imentd  and ca lcu la ted  sur faces  areas us ing  

4ne Effect  of  Current Density on Surface Area: Since codeposi ts  prepared 
_---I__--- 

a t  t'ce zwo c i r r e n t  d e n s i t i e s  var ied so  widely, experiments were conducted to  



244 
determine t h e  e f f e c t  of  v a r i a t i o n s  i n  cur ren t  d e n s i t y  on t h e  s u r f a c e  area of t h e  
codeposi t .  
codeposi t .  The results of t h e  experiment on unt rea ted  F‘t e lec t rodes  is  shown i n  
Figure V I I I .  This  p l o t  is e s s e n t i a l l y  t h e  same f o r  each o f  t h e  t r e a t e d  sur faces .  
A p l o t  o f  deposi t  weight 11s c u r r e n t  d e n s i t y  has t h e  same shape as  i n  Figure V I I I .  

The same number of  Faradays were discharged i n  t h e  prepara t ion  of each 

The sur face  a r e a  was found t o  be  r e l a t e d  t o  t h e  cur ren t  d e n s i t y  by t h e  
following: I 0 IR  = r+i:/+)rn l l > j  

1 r  U U \ L l  U I  \ T I  

where each symbol has the same d e f i n i t i o n  as given before .  F i g u r e  I X  shows agree- 
ment between experimental  and ca lcu la ted  s u r f a c e  areas. 

Composition of  Elec t rocodepos i t s  

The Effec t  o f  Current  Densi ty  on Deposit Composition: Elec t rodepos i t s  formed 

Consequently the  

------ 
i n  t h e  same manner as i n  t h e  previous s e c t i o n  were found t o  give t h e  same shape 
curve as Figure V I 1 1  when $Pb is  p l o t t e d  versus  c u r r e n t  dens i ty .  
form o f  t h e  equation which r e l a t e d  s u r f a c e  a r e a  and cur ren t  d e n s i t y  w i l l  se rve  t o  
relate $Pb found i n  d e p o s i t  vs curren t  densi ty;  it is: 

%F% = b t ( i / t ) m  ( 5) 
Again, b and m are c o n s t a n t s  and a r e  obtained from l i n e a r  p l o t s  o f  equat ion (5)  
u s i n g  experimental da ta .  

E f f e c t  of  Pb I o n C o n c e n t r a t i o n  i n  t h e  P l a t i n g  Solut ion Upon t h e  S t r u c t u r e  and 
Phys ica l  P r o p e r t i e s  o f  t h e  Elec t rodepos i t  

Ef fec t  Upon Surface  Area: The electrochemical  s u r f a c e  areas were aeasured f o r  
a series of Pt-Pb d e p o s i t s  prepared from p l a t i n g  so lu t ions  containing d i f f e r e n t  
amounts o f  ~b i o n  at a c u r r e n t  d e n s i t y  of 100 rna/cm2. 
weight of t h e  e l e c t r o d e p o s i t  w a s  found t o  d e c l i n e  upon increased addi t ions  of Pb i o n  
The concentrat ions s t u d i e d  ranged between 1 x 

Effec t  on Deposit S t r u c t u r a l  Propert ies :  

The s u r f a c e  a r e a  p e r  u n i t  

and 5 x lo-* moles/liter. 

Cross s e c t i o n a l  and surface photo- --- 
graphs were taken o f  t h e  deposits prepsred from s o l u t i o n s  containing d i f f e r e n t  
amounts of Pb i o n  at 103 ma/cm2. Cross s e c t i o n a l  s t u d i e s  revealed a t r a n s i t i o n  from 
a c l o s e l y  packed 3eposit prepared  from a s o l u t i o n  containing 1 x moles / l i t e r  Pb 
i o n  t o  a d e n d r i t i c  type d e p o s i t  from a s o l u t i o n  containing 1 x m o l e s / l i t e r  Pb i 
Surface photographs show a corresponding t r a n s i t i o n  i n  t e x t u r e  from f i n e  gra ins  t o  a 
toarse open s t r u c t u r e  f o r  t h e  lower and higher  concentrat ions of Pb i o n  respect ively.  

4 
CONCLUDING RFMARKS 

This study has demonstrated t h a t  r e p l i c a t i o n  e l e c t r o n  microscopy i n  con- 
j u n c t i o n  with c r o s s - s e c t i o n a l  o p t i c a l  microscopy can be appl ied  t o  t h e  charac te r i -  
z a t i o n  of t h e  morphology and mode of nuc lea t ion  of Pt or Pt-Pb e lec t rodepos i t s .  
a n a l y s i s  has a l s o  shown that by  c l o s e l y  c o n t r o l l i n g  t h e  micros t ruc ture  through 
judic ious  changes i n  t h e  cell  p l a t i n g  condi t ions,  l a r g e  v a r i a t i o n s  i n  t h e  proper t ies  
of t h e  deposi t  can b e  obtained.  
conta in ing  Pt and Pb was greater than  t h a t  observed with s o l u t i o n s  containing O d Y  
Pt under similar condi t ions .  
w a s  found t o  b e  dependent on t h e  weight of t h e  depos i t ,  t h e  e lec t rodepos i t ion  time, 
and t h e  cur ren t  d e n s i t y .  

The 4’ 

The q u a n t i t y  of n u c l e i  deposi ted from solu t ions  

An i n c r e a s e  i n  t h e  s u r f a c e  area of t h e  Pt-Pb c o d w o a i t s  
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OXIDATION O F  MULTI- COMPONENT 
HYDROCARBON FUELS 

Eugene Luksha and Eugene Y.  Weissman 

General Electric Co. 
Direct Energy Conversion Operation 
West Lynn, Massachusetts 01905 

Introduction 

Because of economic necessity, commercial  fuels will be used in  practical 
' fuel Gel1 devices. 

mixtures of hydrocarbons, pr imari ly  straight and branched aliphatics, olefins, 
~ naphthenes, and aromatics.  The aliphatic compounds both straight and branched- 

\ chained a r e  relatively reactive in fuel cells ,  while the unsaturated and cyclic 
, compounds a r e  considerably more  difficult to oxidize and have been designated 

a s  "unreactive." 
surface more  rapidly than aliphatic compounds, forming an iner t  ad-layer. For 
this reason, it is necessary to  know the tolerance of an operating fuel cell  anode 
to these "unreactive" compounds. 

Commercially available fuels generally consist  of complex 

These types of compounds a r e  believed to  adsorb on an electrode 

Experimental 

The model fuel taken into consideration was spli t  into its principal components: 
paraffins, olefins, naphthenes, and aromatics (Figure 1). Normal octane was 
chosen as  the base fuel and various quantities of single unreactive components 
were added. The additives were  chosen on the basis  that they a r e  all found in  
relatively high concentrations i n  various types of hydrocarbon fuels (1-3), and 
have boiling points lower than 350°F, the practical  upper temperature  limit of 
the electrodes used in this work. As a result ,  compounds containing more  than 
1 ring as, for example, indances, indenes, tetralins,  and na hthalenes were not 
considered since they all have boiling points in excess of 350 F. 
with condensed r ings were  eliminated, only alkylbenzenes, 1 -ring naphthenes, in 
addition to  the olefins and paraffins were studied. 

g Since hydrocarbons 

These compounds were added to n-octane in varying concentrations. Polar- 
These curves were ization curves were taken using the binary solution as a fuel. 

measures  of the decrease in cell  performance caused by the addition of the 
"unreactive components. " 

The experimental equipment has been described elsewhere (4). The follow- 
' ing conditions apply to  the present work: 
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a r e  summarized in  Table 1 and Figure 2 .  

A. 

1. 

248 

The electrodes used w e r e 3  in. x 3 in. (0.05 f t . 2  active geometric 
a rea )  platinum - Teflon - screen  composites of a type 
described (5). The platinum loading was 35 mgms/cm and the 
composition: 85 wt. 5 Pt - 15 wt. 5 TFE. 
screen  was generally gold-plated expanded tantalum (5 Ta 1 0  4/0),-- 
and sometimes wire-woven platinum (45 mesh).  

E' evious lY 
The current  collecting 

I 

The electrolyte was 95 wt. % phosphoric acid and, as  mentioned 
above, the maximum practical  operating temperature  compatible 
with this  electrode s t ructure  was found to be 350°F. 

( 

The counter-electrodes (cathodes) consisted of platinum - Teflon - ,, 
platinum sc reen  (woven, 45 mesh) composites with the same composi-' 

I !  
c' 

tion and loading a s  the anodes. 

The experimental  procedure for  obtaining the polarization data was 
identical  for  each fuel studied. When the cel l  reached the desired 
tempera ture ,  the fuel was introduced at  a flow ra te  of 20yl/min. * 
and the 0. C. V. was allowed t o  stabilize for  approximately 1/2 hour. 
The fuel flow ra te  was determined by observing the pressure  drop 
ac ross  a calibrated capillary. 

, 

P r i o r  to the s t a r t  of each run, the anode potential was raised t o  approx 
mately 1 volt for 30 seconds i n  order  to activate the electrode. 
cur ren t  wae then shut-off and the potential was allowed to  stabilize. 
This point was recorded as  the 0. C. V. 

The 

I 
A Kordesch-Marko bridge was used to control the current  through the 
cell. To determine the initial portion of the polarization curve, small  1 

increases  i n  the cur ren t  were made in  the range of 0 to  1 amp (0 to 20 Q 
ASF). 

. 
stabilize, before being recorded. 
changes w e r e  made in  s teps  of 1/2 amp until the anode potential reache 
approximately 0.6 volt. Above this potential, cur ren t  increases were 
made in smal le r  s teps  as the limiting cur ren t  was approached. 
limiting cur ren t  was taken a s  that current  at which the anode potential 
would no longer stabilize. 
f rom the anode with nitrogen for  10 minutes. With the nitrogen purge 
on, the anode potential was brought up to about 1 volt to  remove t races  
of fuel  f r o m  the electrode surface.  

At each current  setting, the anode potential was allowed to 
Above 1 amp (20 ASF) the current  

The 

Following each run, the fuel was purged 

Results and Discussion 

Binary Mixtureo 

Aromatic Additives 

Anode performance losses  for n-octane with various aromatic additives 

* This corresponds to 10 t imes the theoretical  requirement of octane at 30 AS 
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There appears to be an effect on anode performance, in  te rms  of mole. 
cular weight and/or degree of complexity of the additive, with the heavier (more 
complex) additives causing higher anode overvoltages. 

The effects a r e  generally small  since the concentrations of the additive 
It is expected that differences may become more  pronounced as the -ar.e-small. 

concentrations of the additives increase.  

In spite of s o m e  scat ter  in the experimental data,  certain trends have 

This resu l t  is indicated in  Figures 3 and 4 where the anode perfor- 
been observed for the change in anode performance as a function of the additive 
complexity. 
mance is shown to decrease  with an  increase in the number of carbon atoms (met 
groups) on the aromatic  molecule. 
behavior a r e  not warranted. 

At this t ime, further comments on this 

2. Naphthene Additives 

The naphthenes that were evaluated can be divided into two classes. TI 
six-membered ring types which, under anode operating conditions, may be dehy- 
drogenated to aromatics ,  and the five-membered ring types which appear to beha 
l i k e  paraffine. 

The anode performance loss for these fuels is shown in Table 2 and 
Figure 5. 

It appears  that  cyclohexane is more  harmful to anode performance thai 
methylcyclohexane possibly because the presence of the electrophilic methyl groi 
in the latter species would make dehydrogenation to an aromatic structure m o r e  
difficult, and i t  is the aromatic s t ructure  that would cause the higher anode over 
voltages. 

Probably the most  significant resu l t  in  Table 2 is the high tolerance of 
This il a fuel cell anode to  ra ther  high concentrations of cyclopentyl naphthenes. 

important since a grea t  many logistic fuels contain high concentrations of this 
of compound. 

3. Olefin Additives 

The anode performance loss  for 'var ious n-octane-olefin fuel mixtures 4 
is summarized i n  Table 3 and Figure 6. 
tween the type of olefin (straight-chained, branched, cyclic) and performance. Thj 
straight-chained olefins a r e  apparently the most  difficult to  oxidize. 
length of the l inear  olefin is of little importance to anode performance, except at 1 
high current  densit ies.  as is evident when one compares  octene-1 with pentene-1.1 
Here,  at  least ,  the  detrimental  effect of higher molecular weights is not apparent. 
The position of the  double bond in  the olefin molecule a lso plays a role i n  determir 
ing the anode performance penalty. As the double bond is moved toward the Centel 
of the molecule, the anode performance penalty is slightly reduced. This resul t  1 

can  be seen by comparing octene-1 with octene-2 in  Table 3. 

There appears  to  be a relationship be-  

The chain 
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The branched olefins do not appear to cause any significant perfor- 
mance penalty when present  in concentrations up to 5%. 

All these facts may be related to the number. of allylic hydrogen atoms 
that the olefins contain (column 2 ,  Table 3). On a qualitative basis, given a 
ser ies  of hydrocarbons containing a single double bond, the olefin containing 
the largest  number of allylic hydrogen atoms will be least  harmful to anode perfor-  
mance. An explanation of the phenomenon 
awaits further clarification. 

This appears to be the case here .  

The cyclic olefins (cyclohexane derivatives) form a separate  c lass  of 
compounds and exhibit higher anode overvoltages than the other types of olefins. 
These compounds a r e  probably dehydrogenated under anodic conditions ( see  also, 
negative values of O.C.V. in Table 3) to aromatics ,  and a s  a result behave more  
like aromatics than like olefins. One point that should be emphasized is that an 
unsaturated six-membered ring is extremely detr imental  to anode performance 
no matter  what may be the degree of unsaturation. 

4. Mixtures of Normal and Branched Paraffins 

Polarization curves for  cells operating on fuels consisting of mixtures  
of normal and iso-octanes, with 25 to 75 mole 5 iso-octane show no change in 
performance as  compared to pure n-octane (see Figure 7). 
branched and straight-chained paraffins having the same  number of carbon atoms 
a re  very s imilar  in reactivity. 
flexibility of a choice of multi-component fuels for  specific performance require-  
ments. 

This indicates that 

This is useful resu l t  since it increases  the 

B. Multi-Component Mixtures 

The above resul ts  were for mixtures  of n-octane with single "unreactive" 
components. 
ents were added to n-octane. 
fuel consisting of 89 mole % n-octane, 5 mole % methylcyclohexane, 5 mole % 
octene-2, and 1 mole 5 toluene is shown in Figure 8. The concentrations of each 
of the additives was determined from Figures  3, 5 and 6 so that the anode perfor- 
mance penalty for  each of these components is roughly 50 mv at  30 ASF. 

Experiments were conducted in which severa l  "unreactive" compon- 
The polarization curve of an anode operating on a 

The outstanding feature of these resu l t s  is that the cumulative effect of 
the "unreactives" does not appear to be additive. In fact, the performance loss 
is similar  to that obtained for  the corresponding binary mixtures, meaning that 
a t  these concentration levels e8ch ingredient is independent of the others  present 
in the mixture. 

This seems to  suggest that, should a multi-component mixture be chosen 
with any combination of ingredients, the performance penalty will be the one roughly 
corresponding to the "worse offender" in  the mixture  (as  exhibited in a binary 
mixture with octane). 

The main question, then, becomes one of establishing the influence of the 
other poesible performance-determining parameters ,  such a s  the fuel flow rate. 
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Anode Performance at Other Temperatures  

In a n  effort to  determine the magnitude of a performance gain that may 
be obtained by increasing the operating temperature ,  several  cells containing 
typical "unreactive" compounds were run at 300, 350 and 400°F. The data at 
300 and 400°F a r e  given elsewhere ( 6 ) ,  while the data obtained at ?50°F are  given 
in  Tabiee i to 3. 

The log of the cur ren t  at anode potentials of 0.4 volt for  various fuels 
at 300, 350 and 400°F was plotted against 1/T. F r o m  the Arrhenius-type relatior 
ship ehown in Figure 9 an approximate activation energy of 13 Kcal/gmole i s  
obtained; this is indicative of a strong temperature  dependence. Although the dati 
does not form a t rue  s t ra ight  line, probably because a variety of fuels were used, 
the trend toward significantly increased anode performance is evident. ' A linear 
extrapolation to a cel l  operating temperature  of 500°F, for  example, indicates 
the possibility of obtaining about 10-fold increase in performance, assuming, of 
course,  compatible electrode s t ructures  a r e  available. 

Conclusions 

~ The performance of a platinum-actiwted anode oxidizing binary mixtur 
of n-octane and var ious smal l  amounts (generally 1 to 5 mole %) of hydrocarbon 
additives in hot concentrated acid electrolytes (95% H PO at 350°F) depends on 
the nature of the additive. 

3 4  
Thus: 

1) For a romat ic  additives an increase in molecular weight or degree of 
complexity of the aromatic  molecule (e. g. , number of methyl groups) will 
determine a corresponding increase in anode overvoltage. 

2 )  For naphthene additives the opposite appears to  be t rue  (when comparin 
methyl cyclohexane to cyclohexane). 
fur ther  experimental  evidence. 

These findings a re ,  however, in need of 

3) For  olefin additives there  is a distinct relationship between the type of 
olefin (straight-chained, branched, o r  cyclic) and performance; on an overall 
b a d e ,  the number of allylic hydrogens in  the non-cyclic additive molecule appear 
to s e t  a character is t ic  trend, with the anode overvoltage decreasing as the numbe 
of allylic hydrogens increaees .  

4 

The cyclic olefin i e  quite aromatic  i n  character  due to an apparent dehy. 
drogenation mechanism preceding the oxidation step. Specifically, six-membered 
cyclic olefins a r e  ve ry  harmful to  the performance of the anode both on a relative 1 

! b . d O  (compared to the other types of olefins) and on an  absolute basis.  

4) Iso-paraffine (in any proportion) do not affect the performance of norma 

1 
paraffins having the same number of carbon atoms. 

The detr imental  effects of various additives, as obtained from perfor- 
m8nCe data of binary mixtures  (with octane), a r e  not cumulative. Therefore, a 
multi-component mixture  will not necessar i ly  contribute more  to the r i s e  of the 
anode overvoltage than the single "worse offender" in  the mixture. 

I' 

f 
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Sizeable performance gains can be made by increasing cel l  operating 
temperatures.  For  example, i f  compatible mater ia ls  and electrode s t ructures  
were available s o  that a cel l  could be operated at 500 F, as much as a 10-fold 
increase in  cell performance would be possible, based on a linear extrapolation 
of the existing data. 

0 
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Figure 1, Principal  Components of Model Fuel .  
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at 350°F. 
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LONG-TERM ELECTROCHEMICAL OXIDATION STUDIES 
O F  MULTI-COMPONENT HYDROCARBON FUELS 

I 

James  F. Lennon, Eugene Luksha, and Eugene Y.  Weissman 

General Electr ic  Co. 
Direct Energy Conversion Operation 
West Lynn, Massachusetts 01905 

Intr oduc ti on 

F o r  the most par t ,  studies of the various aspects  of d i rec t  hydrocarbon 
oxidation a r e  based on shor t - te rm measurements .  
t e r m  anode performance with hydrocarbon fuels may  be different f rom what can 
be predicted from shor t - te rm polarization data. * 
dependent factors as  the accumulation of iner t  ad- layers  on the electrode sur face .  
A study of the long t e r m  effects that various "unreactive" additives (e. g. a r o -  
mat ics ,  olefins, naphthenes) m a y  have on the performance of fuel cel ls  operating 
on n-octane was made in o r d e r  t o  determine whether there  may be cumulative 
inhibition of the active s i t e s  on  the anode as a function of t ime by these additives. 

Other long-term effects of various additives in multi-component, octane- 
based fuels, a r e  changes in the charac te r i s t ics  of performance cycling, which is 
present  when hydrocarbons a r e  oxidized directly with phosphoric acid electrolytes.  

It is recognized that long- 

This is due to  such t ime-  

It is the purpose of this study to provide information and shed some light 
on these time-dependent aspects  of anode performance. 

Experimental  

The life testing installation has  been described ear l ie r  (1). The electrodes 
(both anode and cathode) were of the s a m e  types descr ibed elsewhere (2) (35 mgms 
Pt/cmZ, 85% Pt-15% TFE,  gold-coated T a  screen  for  anodes, P t  s c r e e n  for 
cathodes). 

The following experimental  procedure was used: After establishing the 
des i red  gas flow ra tes  (in general:  20 p .C fuel/min; corresponding to 10 stoichs 
of octane at  1 amp and 10 stoichs of oxygen supplied in  the a i r  s t r e a m  to the 
cathode) and isothermal  conditions (350°F), the open-circuit  potential was recorded,  
Thereaf ter ,  an initial polarization curve was taken. 

* Another important contribution to  such performance changes is a progress-  
ive s t ructural  deter iorat ion of the electrode; par t icular ly ,  where a n  
optimization of the electrode s t ruc ture  is pursued. 
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After these ini t ia l  data were obtained, the cel l  cur ren t  was maintained 
in general  a t  1. 5 a m p  (30 ASF),  by means of Electro-Products ,  Model EFB, 
D.C. power supply units.  
c u r r e n t  were continuously recorded with Varian two-channel s t r i p  c h a r t  
r e c o r d e r s .  
Marko bridge. 
res is tances  . 

The IR-included anode vs H,/Ht potential and cell  

LR-free potential data  were  a l so  obtained by means of a Kordesh- 
T h e s e  d a t a  were logged, together with cell  potentiqls and 

I 

4 The circulat ing electrolyte  concentration was maintained a t  95-98110 H 3 P 0  
by means of cont ro l led- ra te  addition of water to  the electrolyte sump. 

At the end of each tes t  (usually caused by excessive electrolyte leakage 
The cel l  was then dis-  

: 
through the anode) a f inal  polarization curve was taken. 
assembled and the anode was cleaned. 
by the B. E. T.  method. * 

If desired,  its surface a r e a  was measured 

r 
Whenever n e c e s s a r y ,  the polarization curve  data  points were  determined 

af ter  suitably pre-act ivat ing the anodes at  anode potentials of > 0. 90 v vs H /&, 
and subsequently waiting for  the output to  s tabi l ize  a t  what would have been the 
average anode potential  under cycling conditions for  a fixed cur ren t  density. This 
wait period was usually of the order  of th ree  to  four minutes.  
disturbances were avoided, without affecting the values to  be measu red .  

Internretation of the Tes t  Data 

2 ! 

In this way, cycling 
I 

\ 

A. Charac te r i s t ics  of Extended Pe r fo rmance  - vs  - Time  Data 
p 5 

As mentioned above, d i r e c t  hydrocarbon oxidation in  phosphoric 
acid is character ized by spontaneous performance cycling. 
of the present  work was to  quantitatively define differences in the behavior of 
octane and var ious octane-based binary and multi-component fuel mixtures ,  in  
t e r m s  of the frequency and/or the amplitdue of anode potential fluctuations at 
constant current .  
that in each c a s e  the  t i m e  required for  the onset  of cycling can be divided into 
four distinctly different periods.  
four  periods which can  be defined a s  follows: 

One of the objectives 

,, 

The interpretat ion of such differences can be  refined by noting 

F igure  1 is a graphical  representat ion of these 

r' 
I. The induction period - a shor t  interval  of t ime, normally one to  

two hours ,  during which there  is a l a r g e  i n c r e a s e  in anode potential, f rom its 
open-circuit  value. 

* 
p r i o r  to  assembly were  a l s o  made. 
e lectrodes,  has been descr ibed  ear l ie r .  

Whenever t i m e  per imit ted,  init ial  sur face  a r e a  measu remen t s  on anodes , 
The method i tself ,  as applied to  whole 

Technical S u m m a r y  Report  No. 7 ,  Hydrocarbon-Air Fuel Cells,  January f 

1965 - 30 June 1965; ARPA Order  No. 247, Contract Nos. DA-44-009-ENG-4909, 
DA-44-009-AMC-479(T), and DA-44-009-ENG-4853, p. 193 ff .  

&&No. 8 s a m e  contract  numbers.  
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t 

11. The ripple period - follows the induction period and is of short  
duration: UP to two hours.  

(e. g. 10-20 mv). 

111. 

During this t ime interval,  the  anode potential s t a r t s  
'fluctuating a t  high frequencies (e. g. severa l  t imes a minute) and low amplitudes 

1 

t 

, 
The onset-of-cycling period - sometimes indistinguishable f rom 

the actual cycling mode of operation (IV, below). 

a r e  sometimes higher and sometimes lower than during the actual cycling operation 
that follows; the corresponding amplitudes a r e  always smal le r  (e. g. 20-8070 of 
actual cycling amplitudes). 

When it occurs ,  it lasts a few 
,hours ,  o r  less ,  and i s  character ized by performance cycling a t  frequencies that 

I 

Two methods of data interpretation were used: 

Use of available polarization curve data to define var ious performance 
i 

1) 
points (e. g. anode potential at given cur ren t  densit ies) at various chronological 

IV. The cycling period - character izes  the onset of steady-state anode 
operation. Here,  the performance fluctuations have been established to their  

\ full extent, according to the experimental  conditions and the species  being oxidized. 

The anode potential will change f rom its minimum to  its maximum 
I value according to  a set  pattern. 

1 performance cycling (see following section: Results and Discussion). 

This pattern can be used to define differences 
i n  the behavior of various fuels of in te res t  in  t e r m s  of frequency and amplitude of 
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* 
stages;  say,  at the beginning and a t  the end 
extent-of-degradation data.  

of a run. These a r e ,  essentially,  

2 )  Averaging of cycling data,  from recorder  t r a c e s ,  and graphical 
representat ion of the resul t ing changes of performance with t ime. ;These a r e  the 
typical life tes t  curves ,  suppiying information on the totai iife for a s e t  of pie- 
determined conditions, as well as the individual durations of the var ious periods 
of operation (induction, r ipple ,  etc. ). 

Results and Discussion 

A. n-Octane 

Seven anodes were  tes ted with pure n-octane in order  to establish 
a re l iable  f r a m e  of re ference  for  the r e s u l t s  obtained with various fuel mixtures. 
Table 1 l is ts  a var ie ty  of averaged performance data  for n-octane; the ranges of 
values f rom which the averages  were calculated a r e  given in parentheses.  
broad band in F igure  2 is a graphical  representat ion of the change in anode potenti 
with t ime for  s i x  of the seven  anodes, based on an averaging of the cycling perfor- 
mance a s  descr ibed in  the  experimental  section. 
represent  the range of anode performance for the  electrodes tested. 
b reak  in the curve after the init ial  s e v e r a l  hours  is an indication of the onset of 
steady -state operation (cycling). 

The 

The boundaries of the band 
The abrupt 

Table 2 s u m m a r i z e s  the cycling character is t ics  observed with n- 
The numbers  marked  in parentheses  in  the fourth column represent  the 

The range 
octane. 
t i m e  intervals  during which t h e  reported frequencies  were observed. 
of frequency values a r e  a r ranged  chronologically with the left-hand figures 
represent ing the beginning of the measu red  period and the right-hand figures. the 
end. Some res i s t ive  load operational data is also included for comparison purpos 

The relat ionship between c u r r e n t  density and t ime-to-cycle,  a t  

4 constant-current  conditions,  follows an exponential behavior previously described 
(2) with the log (t ime to cycle)  decreasing a s  the cur ren t  density increases .  

The frequency of cycling appears  to  indicate a t rend towards higher 
values a t  higher c u r r e n t  densi t ies  while the amplitude does not exhibit any signi- 
f icant trend. 
amplitude does not appear  to be different f rom that  at constant cur ren t  (common 
basis  of comparison: 30 ASF), although the c u r r e n t  v a r i e s  a s  well. The averaged 
anode potential is higher ,  though, indicating that simultaneous cur ren t  and voltage 

I t  is interest ing to  note that,  under res i s t ive  load conditions, the 

cycling might have a deleter ious effect on performance.  

valent to periods I t II t III, it is interest ing to  note that the ripple period (II) 

f 
n 

Regarding the t ime-to-cycle values (Column 3 in  Table 2 ) ,  equi- 
6 

* Note that the end-of-run data a r e  not to be confused with the previously 
mentioned “ las t - s tage“  data;  the end-of-run data a r e  obtained before the 
electrode degrades  to  a point where high ra tes  of electrolyte leakage can 
occur.  

[’ 

j, 
I 



Table  1 

A r c r a g e  Life T e s t  Data f o r  11-Octane Oxidation a t  350 F 
0 '  

( R a n g e s  of va lues  co r re spond ing  to  the a v e r a g e s  
a r e  marked  i n  p a r e n t h e s e s . )  

2 Elec t ro ly t e :  95-9870 H 3 P 0 4  Anode: 35 m g m s  P t / c m  
Li fe :  190 hour s  (150-405)  

C:tttsc o i  test t c rmina t ion :  

In i t ia l  ;,tiode r e s i s t ance :  6 m Q ( 0 . 0 0 4 - 0 . 0 0 8 )  

I ni t i ;i I I I7 - 1 nc lud e d  a node po te ii t i a 1 

E x c e s s i v e  anode leakage  

at  30 A S F :  0 . 4 3 6 ~  (0 .380-0 .470)  

Fin;t l  111-inclrided anode  poten t ia l  
a1 30  .ASF: 0.504 v (0 .455-0 .600)  

Kate o i  d c c a y  of potential:  approx .  0 .45  m v / h r  (0 .100-0 .870)  

1 t i i  t i a l  I K -  included po \ r e r  output 
a t  30 ASF: 12 .7  W S F  ( 1  1.4  

In i t ia l  IR-included p o w e r  output 
a t  60 A S F :  18 .4  W S F  ( 1 5 . 6  

F ina l  1!7- inclrtded power output 
a t  3 0  ASF:': 11 .2  W S F  (8 .7 -  

Fi 11al I R -  i nc 1 tided power output  
a t  60 ASF':': 1 3 . 3  W S F  (7 .8 -  

13 .5 )  

2 0 . 4 )  

1 . 4 )  

5. 6 )  

Thc 111 e-activation procedure  d e s c r i b e d  in  the E x p e r i m e n t a l  Sect'ion 
\Lab risecl p r i o i  t o  obtaining these  da ta .  

included therein was at t imes negligibly smal l ,  while a t  other t imes it contributed 
significant portions t o  the total reported t ime interval (e.g. 2 - 3  hours  a t  30  ASF). 
The onset -of-cycling period (III) was often indistinguishable f rom the actual 
cycling period (IV). 

B. Normal Octane with Single Additives 

A comparison of the life t e s t  summar ies  in Tables 1 and 3 indicates 
that there  a r e  no significant performance differences in  the cycling period for the 
octane t 1% aromatic and octane t 3 %  olefin data  as compared to pure octane. 
These s imilar i t ies  can be seen  m o r e  clear ly  in Figure 2 where the performance-  
t ime curves for the fuels containing olefins and aromatics  fall within the n-octane 
band. 
polarize more  extensively during a relatively shor t  initial t ime interval.  
af ter  this brief interval. the performance -time curve is situated within the upper 
portion of the n-octane band while the la t te r  has most  of i ts  data  c lustered in i ts  
lower portion. 

It can also be seen  that anodes operating on octane t 5% naphthene fuels 
Even 

The cycling charac te r i s t ics  of octane plus single additives a r e  
summarized in Table 4. 
oxidation, a r e  the increased cycle frequencies,  roughly 3 t imes higher,  f o r  the 
binary fuels.  

The only significant differences,  compared to pure octane 
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145 
i' 

3% L M e t h y l  
butene- 1 

Table 3 

Life Teat Data for the Oxidation of n-Octane with Single  Addit ives  1 
at 3500F in  ' a 95-98'2 P h  oophoric  Acid System 

151 

Olefins 

3% 2-Methyl 
butene- 1 

147 

149 

157 

146 3% Octene-2 I, 
Aromat ic s  . 

12 I .  2 .  4 
Trimethyl- 
benzene 

1% Toluene 

1% I .  2. 4 
Trimethyl -  
benzene 

143 

156 

5 2  Methyl- 
cyc lohexani  

5% Methyl- 
cyclohexani  

"-octane 

Naphthenem 

r i m e .  
nous. 

1 

79 

I 

382 

I 

215 

1 

55 

1 

387 

2 

235 

I 

33 

1 

194 

C . D . ,  
M F  

30 

60 
30 
60 

30 
60 
30 
60 

30 

60 
30 
60 

30 

60 
30 
60 

30 
60 
30 
60 

30 

60 
30 
60 

30 

60 
30 
60 

30 

60 
30 
60 

a 
P . D . .  
WSF 

14.4 

21.0 
12.9 
15.7 

13.8 
19.8 
12.9 
17.4 

12.6 

15.6 
11.1  
12.9 

12.6 

12.0 
9.3 
0.0 

11.4 
16.8 
9.1 

10.5 

13.2 

19.8 
11.7 
18.0 

12.5 

18.0 
9.0 
0 .0  

12.6 

18.6 
9.8 

12.0 - 

eo 

391 

215 

94 

387 

242 

I44 

195 

- 

* 
Anode 
Res.. 
ohms 

0.009 

.008 

.007 

.003 

.006 

.007 

.003 

.008 

- 

A d e l H z  Ref 
Potent ia l .  

volt. 

0.400 

0.480 
0.430 
0.505 

0.440 
0.510 
0.410 
0.490 

0.440 

0.460 
0.455 
0.540 

0.440 

0.610 
0.640 

0.455 
0.480 
0.500 
0.580 

0.395 

t1 .00  

0.440 
0.470 
0.490 

0.440 

0.500 
0.540 

t1.000 

0.465 

0.510 
0.555 
0.635 

' Data from polar izat ion curve . .  

Actual duration of teat  before e x c e s s i v e  snode  leakale required shut -down 
(I* 

of the c e l l .  
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C. Normal Octane with Several  Additives 

It has been shown (3) that  there  is no cumulative effect for  multiple 
additions of "unreactives" up to  a total of 11 mole 7 additives. I t  was shown, in 
fact ,  that the performance penalty roughly correeponded to  the "(worse offender. I '  

A summary  of the l ife-test  data for  fuels containing severa l  additives 
is given in Table 5. 
additives. 

The fuels a r e  l isted in order  of increasing concentration of 

Figure 3 represents  performance-time data for four ce l l s  operated 
on mixtures  of 50/50 normal  and iso-octane" containing 11 mole 70 additives (1% 
aromatic .  5% naphthene, 5% olefin). 
in anode potential to a value of about 0. 575 volt where the potential finally stabi-  
l izes.  Comparison of this curve with the  octane data given in Figure 2 indicates 
that the multi-component fuel data fit within the upper portion of the n-octane band. 
The approximately 40 m v  penalty over the performance of pure n-octane, based on 
the 5% naphthenes being the "worse offender" under these conditions is substantiated 
by these graphical representations.  This is due to the fact that mos t  of the n-octane 
r esults fall within the lower portion of the performance-time band while the multi- 
component data a r e  c lustered close to  the upper l imit .  

It is seen  that there  is f i r s t  a sharp  increase 

The situation appears  to become different for higher amounts of 
Two cells operating on 50/50 n t i-octane containing 26% additives additives. 

(1% aromatic ,  5 %  olefins, 5% cyclohexanes, 1 5 %  cyclopentanes) were  life tested.  
The variation of the anode potential with t ime is shown in Figure 4. When the data 
given in this f igure is compared with the octane data in Figure 1 i t  appears  that there  
is at least  a 40 mv anode potential increase  above the upper l imit  of the octane data 
band (i. e.  40 mv higher than what the "worse offender" would normally show). This 
performance difference could be due either t o  the presence of methylcyclopentane 
or  to  the high total  amount of additives. 
clarified in future work. 

It is expected that these aspects  will be 

The balance of Table 5 is a s u m m a r y  of the life tes t  data  where 
increasing amounts of the "unreactive" components were added to the fuel. 
data i e  shown diagramatically in Figure 4 and 5. Since these concentrations of 
"unreactives" were not studied on 8 shor t  t e r m  basis  the discussion of these resul ts  
will be defer red  until this data is on hand. However, it is evident that  sizeable 
performance penalties a r e  paid when the unreactive concentrations r e a c h  such high 
levels (greater  than 11.5). It can be seen  that when successive amounts of "un- 
reactive" compounds a r e  added the performance penalty increases  until the deviation 
from n-octane reaches about 180 mv** (-50% of the cel l  output IR included). 
performance drop occurs  within the first 25 hours  of operation, where effects of 
anode deterioration a r e  minimal. 

The 

This 

F igure  6 is a graphic representation of the 

* It has  been previously shown (3) that  there  a r e  no performance differences 
between anodes operating on n-OCt8ne and on n-octane + i-octane mixtures.  

Note that the detr imental  effect of k t e n e - 1 ,  a s  compared to octene-2 
par t icular ly  obvious with high amounts of additives (30 mole 7). 

** 

\ 
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Table 5 

Fu.l Time. C.0.: P.D.'  Lde? 
hour. ASP W S F  hours Potenaal. 

v o l t .  

J 1 %  Addillve 
(4  C.11.) 

5 Octane-2 
\ 1 Tolu.nc 

/ S  M.C.H. 

J6% Additire 
( 2  cell.) 

, 30% Additive 
( 2  cell.) 

30% Additive 
( I  cell) 

5 Toluene 
\ 5  Ocrcnc- I 

Addit iq 
(2  cell.) 

5 H.C.H. 
1 2 5  M.C.P. 

Addtlivc 
( I  ce l l )  

5 T'olucnc 

10 M.C.H. 
/ 3 0  M.C.P.  

\ 5  Oc1cne-2 

55% Mditi- 
( 2  cell.) 

10M.C.H.  
1 3 0  M.C.P.  

Additive 
I I c.111 

10 TOl"."* \ 5 octenc-2 

1 30 
60 

174 30 

60 

I 30 
60 

74 30 
60 

I 30 

60 

11.5 207 
15.3 

3.9 

0.0 

I 1 . b  75 
1 6 . 3  

0 .0  
0.0 

10.3 . 16) 

12.1 

0.474 
0.533 

0.750 

1.00, (anode polarized1 

0.477 
0.538 

1.00 t (anode polari*edl 
1.00 t (anode polartred) 

0.495 

0.560 

Anode 
Re.. . 
ohms 

0.007 

0.008 

0.010 

1 

38 

I 

I 0 3  

I 

187 

I 

110 

1 

95 

30  
60 
20 
30 

10 
60 30 

60 

30 
60 

30 10 

30 

60 
5 

10 

30 
60 

0 

6 . 3  
4 . 5  
4 . 0  
0.0 

7.6 
6.6 

0 .8  
0.0 

9.0  
10 .3  

3.2 
0 . 0  

7.7 

0.4 
1.25 

0 

7.8 
10.2 

0 . 0  

38 

103 

190 

110 

95 

0 . 6 4 0  
0.710 
0.680 
1.00 t 

0.628 
0.708 

0.900 
1.00 t (anode polari.ed) 

0.530 
0.620 

0.610 
1.00 t (anode polarrredl 

0.645 

0 .100 , 

0.77.0 
1.00 t 

0.585 
0.610 

1.00 1 (mode polarized) 

0.010 

0 .008  

0.000 

0.006 

0.006 

Actual duration of tee1 before erce..in anode l e a k q e  or  perlormancs below 
5 . 0  WST dic ta td  l es t  tcrmrrution. 

* e  
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i '  

\ 

dec rease  in cur ren t  density,  a t  a given polarization, with increasing amounts of 
the "unreactive" components. It should be noted that the cur ren t  densi t ies  are 
normalized in t e r m s  of r e a l  B. E. T. surface a r e a s  measured  on the pure electrodes.  
The spread  of the data i n c r e a s e s  at higher concentrations of "unreactives." 

The cycling charac te r i s t ics  of these multi-component fuels a r e  
The numbers in parentheses  have the s a m e  meaning a s  shown i n  Table 6. 

descr ibed for  Table 2 .  

These r e su l t s  w e r e  averaged for operation a t  30 ASF. The frequency 
and amplitude of cycling does not appear t o  exhibit any of t he  t rends  reported fo r  
n-octane and n-octane with single additive mixtures .  
ciable changes of the frequency of cycling with t ime. 

In fact, there  a r e  no appre-  

Conc lus ions 

Information regarding the influence that various hydrocarbon additives 
have on the shor t - te rm performance of an  octane anode, cannot necessar i ly  be 
applied towards predictions of long-term performance in  that any detr imental  
additive effects noticeable during a short  run m a y  become insignificant in the context 
of r e a l  fuel ce l l  operation, proceeding for extended per iods of t ime.  

However, while severa l  additives do not necessar i ly  have to affect 
performance on a cumulative detr imental  basis,  beyond a cer ta in  quantity l imit  
and for  extended durations of operation, the overal l  dec rease  i n  anode performance 
can be intolerably severe .  

The cycling charac te r i s t ics  associated with the process  of d i r ec t  
e lectrochemical  oxidation of hydrocarbons can  be descr ibed in te rms  of s e v e r a l  
distinct modes of performance fluctuation pr ior  to the establ ishment  of steady-state 
conditions. 

This descr ipt ive refinement can  be quite useful as a semi-quantitative 
tool for the definition of operational differences in the expected oxidation process ,  
as caused by a var ie ty  of additives to  a base fuel. 
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H 
RIPPLE CYCLING PERIOD 

d I I I I I I I I l l  
0 1  2 3  7 I I  I5 19 23 25  35 

T IME -HOURS 

Figure  1 Typical Anode P e r f o r m a n c e  at Constant Current Over 
Extended T i m e  P e r i o d s .  

060r 

go40 
0 
z 
4 I I I I I I I I 

40 50 60 70 80 90 0 IO 20 30 
TIME-HOURS 

Figure 2 Change of Anode Potenrlal wi th  Time.  
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5 M/ 0 TOLUENE, 5 M / O  OCTENE- 1,SMIO MCH,ISMIO MCP 
- I M / O  TOLUENE, 5 M I O  OCTENE-Z,5M/OMCH:l5MIOMCP121 
- I M/O TOLUENE, 5 MI0 O C T E N E - 2 ,  5 MI0 MCH,25MIOMCPI21 
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20 30 40 50 60 70 0400 

0 . '  IO 
T I M E -  I fOURS 

Y 
D 
0 z Q 

.500 

3 

I I I I I I I I 
4 0  50 60 70 80 20 30 I O  

F i g u r e  3 Change of Anode Potential  with T i m e  (Unsuppor t ed  
A..ode: 35 mgms Pt /cm2) .  

350°F 95-98% H3P0, 
0 OFUEL 2Opl lMlN 
3 . 7 0 0  ANODE RES. 005 -.o!osI. 

.750 1 1 

350°F 95-98% H3P0, 
OFUEL 2Opl lMlN 

2.700 ANODE RES 005-.010sI 

w 
a 

3 
.600 

z Y 

& .550 
a. 

A 

0 
1. 

r 

F l g \ l r c  4 Change of Anode Potentiai with Time (Ux,s'ipported Anode: 
3 5  mgma pt/cm2).  
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0 - 5 M / O  TOLUENE. 5 M / O  OCTENE -2 , IOMIO M C H ,  30M/O M C P I I ) *  
X - I O M / O  TOLUENE, 5 M / O O C T E N € - 2 , 5 M / O  M C H ,  1 5 M I O M C P I I )  
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350 "f 8 95- 98% H 3  PO4 
Q FUEL : Z O p L / M I N  
ANODE R : 005 - 010 n 

*- MCH-METHYLCYCLOHEXANE 
MCP - METHYLCYCLOPENTANE 

TIME -HOURS 

Figure  5 Change of Anode P o t e n t i a l  w i t h  Time ( U n s u p p o r t e d  Anode  
3 5  m g m s  Pt/crnZ). 
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ELECTROCHMICAL STUDIES OF THE SODIUPl-BISNUTH SYSTG.1 

M. S .  F o s t e r ,  G .  H.  McCloud, and E .  J .  C a i r n s  

Argonne Na t iona l  Labora to ry  
9700 Sou th  Cass Avenue 

Argonne, I l l i n o i s  
60439 

I n t r o d u c t i o n  

underway a t  Argonne N a t i o n a l  Labora to ry  f o r  some t ime .  I n  t h e s e  sys t ems ,  thermal 
ene rgy ,  as from a n u c l e a r  r e a c t o r ,  i s  used  t o  decompose t h e  p r o d u c t s  of a power- 
p roduc ing  g a l v a n i c  c e l l  t o  form i n t o  t h e  o r i g i n a l  r e a c t a n t s  f o r  re -use  i n  t h e  c e l l .  
S i n c e  t h e  c e l l  g e n e r a l l y  o p e r a t e s  a t  a lower  t empera tu re  than  t h e  decomposi t ion  
t empera tu re  of t h e  c e l l  p r o d u c t s ,  t h e  sys tem is a two- tempera ture  sys tem and i s  
l i m i t e d  t o  Carnot  c y c l e  e f f i c i e n c y .  

change a t  t h e  c e l l  t e m p e r a t u r e ,  and y e t  may be t h e r m a l l y  decomposed a t  a tempera- 
t u r e  o b t a i n a b l e  i n  a r e a c t o r  u s i n g  t o d a y ' s  t echno logy ,  h a s  l e d  t o  a n  examination 
of  v a r i o u s  a l k a l i  m e t a l - c o n t a i n i n g  b i n a r y  a l l o y s .  Many o f  t h e s e  a l l o y s  have  a 
l a r g e  n e g a t i v e  f r e e  ene rgy  of fo rma t ion ,  a s  i n d i c a t e d  q u a l i t a t i v e l y  by t h e  h igh  
m e l t i n g  p o i n t s  of t h e  compounds formed between t h e  l i g h t e r  a l k a l i  m e t a l s ,  and, f o r  
example,  bismuth. 

S t u d i e s  of v a r i o u s  t h e r m a l l y  r e g e n e r a t i v e  g a l v a n i c  c e l l  sys t ems  have  been 

The s e a r c h  f o r  m a t e r i a l s  which combine w i t h  a l a r g e  n e g a t i v e  Gibbs  f r e e  energy  

In o r d e r  i o  p r e d i c t  t h e  i d e a l  behav io r  of  a t h e r m a l l y  r e g e n e r a t i v e  g a l v a n i c  
c e l l  system, i t  i s  n e c e s s a r y  t o  know t h e  thermodynamic p r o p e r t i e s  o f  t h e  a l l o y  used 
i n  t h e  c e l l .  For i n s t a n c e ,  t h e  chemica l  p o t e n t i a l  of t h e  a l k a l i  m e t a l  i n  t h e  b i -  4 
n a r y  a l l o y  i s  used t o  c a l c u l a t e  t h e  o p e n - c i r c u i t  p o t e n t i a l  of t h e  ce l l  i n  the  s y s -  , 
tern i f  t h e  c e l l  is a c o n c e n t r a t i o n  c e l l  w i thou t  t r a n s f e r e n c e .  L ikewise ,  t h e  tern- , 
p e r a t u r e  v a r i a t i o n  of t h e  chemica l  p o t e n t i a l  of t h e  a l k a l i  metal i n  t h e  a l l o y  may 
be used  t o  c a l c u l a t e  the p a r t i a l  p r e s s u r e  of the a l k a l i  m e t a l  ove r  t h e  a l l o y  f o r  
v a r i o u s  p o s t u l a t e d  r e g e n e r a t i o n  c o n d i t i o n s .  The p a r t i c u l a r  a l l o y  which i s  t h e  sub- ' 

j e c t  o f  t h i s  r e p o r t  is t h e  sodium-bismuth a l l o y .  

t h e  most obvious  method would appea r  t o  be a n  emf t echn ique .  
sponds  d i r e c t l y  t o  t h e  cell i n  a r e g e n e r a t i v e  sys tem.  

are n o t  capab le  of p roduc ing  s i g n i f i c a n t  e l e c t r i c a l  c u r r e n t s .  For example, s e v e r a l  
workers  i n  t h e  p a s t  have  o p e r a t e d  c e l l s  w i t h  sodium anodes  i n  which t h e  e l e c t r o l y t e  
c o n s i s t e d  of a sodium i o n - c o n t a i n i n g  g l a s s .  O the r  e l e c t r o l y t e s  which might  b e  used 
i n c l u d e  m i x t u r e s  of mol t en  sodium s a l t s  o r  a s o l i d  sodium s a l t .  
d a t a  r e p o r t e d  h e r e  were t aken  u s i n g  e l e c t r o l y t e s  o f  s o l i d  NaC1. 

Although power-producing ce l l s  may w e l l  use mol ten  s a l t  e l e c t r o l y t e ,  the  S O l U -  

b i l i t i e s  of  sodium metal  from t h e  anode and of sodium-bismuth i n t e r m e t a l l i c  s p e c i e s  
from t h e  ca thode  a l l o y  are  s u f f i c i e n t l y  h i g h  t o  i n t r o d u c e  c o m p l i c a t i o n s  when a t -  
tempt ing  t o  make thermodynamic measurements l .  These c o m p l i c a t i o n s  t a k e  s e v e r a l  
forms. 
t o  d i f f u s e  toward t h e  c a t h o d e .  A t  the c a t h o d e ,  t h e  sodium i s  e x t r a c t e d  from t h e  
e l e c t r o l y t e  by t h e  c a t h o d e  a l l o y .  
anode  t o  the c a t h o d e  w i t h o u t  producing  any  c u r r e n t  i n  t h e  e x t e r n a l  c i r c u i t ,  

4 

I n  a s tudy  o f  t h e  thermodynamic p r o p e r t i e s  of t h e  b i n a r y  sodium-bismuth a l l o y ,  
T h i s  t echn ique  c o r r e -  '/ 

In u s i n g  t h e  emf t e c h n i q u e ,  one may choose  t o  o p e r a t e  c e l l s  which by des ign  

The c e l l - p o t e n t i a l  '' 
' 
( l  
/ 

F i r s t ,  t h e  sodium metal d i s s o l v e d  i n  t h e  e l e c t r o l y t e  n e a r  t h e  anode t ends  
;' 

fl 
The r e s u l t  i s  a t r a n s f e r  of sqdium from t h e  

* 
T h i s  work was per formed under  t h e  a u s p i c e s  of 
t h e  United S t a t e s  Atomic Energy Commission. 
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caus ing  a c o n s t a n t  change i n  t h e  ca thode  composi t ion  of t h e  c e l l .  
s o l u t i o n  of  sodium i n  t h e  e l e c t r o l y t e  i s  a "mixed" e l e c t r i c a l  conduc to r ,  t h a t  is ,  
i t  h a s  both  ionic '  and e l e c t r o n i c  c o n d u c t i v i t y .  T h i s  r e s u l t s  i n  a l ower ing  of t h e  
o p e n - c i r c u i t  p o t e n t i a l  by caus ing  a n  i n t e r n a l  s h o r t  c i r c u i t  i n  t h e  c e l l .  Th i rd ,  
t h e r e  e x i s t s  t h e  p o s s i b i l i t y  of back-d i f fus ion  of bismuth from t h e  ca thode  a l l o y  
t o  the  anode through t h e  s o l u b i l i t y  of i n t e r m e t a l l i c  s p e c i e s  i n  t h e  e l e c t r o l y t e .  
For t h e s e  r easons ,  s o l i d  N a C l  e l e c t r o l y t e s  were used i n  t h e  c e l 1 s : r e p o r t e d  here .  

Second, t h e  

Exper imenta l  S t u d i e s  

S i n c e  t h e  sodium m e t a l  i t s e l f  and t h e  sodium-bismuth a l l o y s  a r e  s u b j e c t  t o  
a t t a c k  by water  vapor and oxygen, a l l  of t h e  c e l l s  were o p e r a t e d  i n  f u r n a c e  w e l l s  
a t t a c h e d  t o  an i n e r t  a tmosphere  e n c l o s u r e  c o n t a i n i n g  he l ium.  The he l ium was con- 
t i n u o u s l y  r e c i r c u l a t e d  through a p u r i f i c a t i o n  sys tem and c o n t a i n e d  a s  i m p u r i t i e s  
l e s s  t han  1 . 5  ppm water vapor ,  and l e s s  t h a n  5 ppm each  of oxygen and n i t r o g e n .  

E l e c t r o l y t e s  were o b t a i n e d  from Harshaw Chemical Company i n  t h e  form of  cups 
w i t h  1 1 8 - h .  t h i c k  w a l l s  and bottoms. These  were machined from s i n g l e  c r y s t a l s  of 
NaC1. The sodium anode was con ta ined  i n s i d e  t h e  cup e l e c t r o l y t e ,  which was i n  t u r n  
lowered i n t o  t h e  l i q u i d  sodium-bismuth a l l o y .  Tantalum r o d s  were used as e l e c t r o d e  
c o n t a c t s .  C e l l  p o t e n t i a l s  were measured w i t h  a p o t e n t i o m e t r i c  e l e c t r o m e t e r  having 
an . i n p u t  impedance of  1013 ohms. 
measured by p a s s i n g  sma l l  c u r r e n t s  th rough t h e  c e l l .  The c u r r e n t - v o l t a g e  r e l a t i o n -  
s h i p  SO ob ta ined  was l i n e a r  f o r  c e l l  t empera tu res  between 810 and 1050'K. A t  a c e l l  
t empera tu re  o f  523'K, t h e  i n t e r n a l  c e l l  impedance w a s  app rox ima te ly  2 . 2  x lo7 ohms,  
i n d i c a t i n g  t h e  requi rement  of  an  e l e c t r o m e t e r  o r  s i m i l a r  d e v i c e  f o r  measur ing  t h e  
c e l l  p o t e n t i a l .  A t  h i g h e r  t empera tu res ,  approaching  1050°C, the i n t e r n a l  c e l l  re- 
s i s t a n c e  dropped t o  n, 300 ohms. 

R e s u l t s  

tempera ture-composi t ion  d a t a  i n  o r d e r  t o  compensate f o r  t h e  "mixed" i o n i c  and 
e l e c t r o n i c  c o n d u c t i v i t y  i n  t h e  e l e c t r o l y t e .  
t r o l y t e  i n  c o n t a c t  w i t h  t h e  sodium anode. 
t o  sodium i o n s  (which may be  l o c a t e d  i n  c a t i o n  v a c a n c i e s )  and e l e c t r o n s ,  a t  l e a s t  
some o f  which a r e  l o c a t e d  i n  F -cen te r s  ( o r  a n i o n  v a c a n c i e s ) .  The e l e c t r o n i c  con- 
d u c t i v i t y  could a r i s e  from t h e  the rma l  e x c i t a t i o n  of  e l e r t r o n s . i n  F -cen te r s  i n t o  
conduct  i o n  bands.  

The c o r r e c t i o n  terms was found by comparing t h e  v o l t a g e  of t h e  expe r imen ta l  

Forward and r e v e r s e  c u r r e n t - v o l t a g e  c u r v e s  were 

It  was found n e c e s s a r y  t o  add a s m a l l  c o r r e c t i o n  t o  t h e  raw c e l l  p o t e n t i a l -  

Sodium may d i s s o l v e  i n  t h e  sol"yl e l e c -  
These  d i s s o l v e d  a toms may d i s s o c i a t e  in- 

c e l l :  
a s  a f u n c t i o n  of t empera tu re  w i t h  b o t h  emf d a t a  from t h e  l i t e r a t u r e  and wi th  t h e  emf 
c a l c u l a t e d  f o r  700°C from vapor  p r e s s u r e  measurements.  P r e v i o u s  c o n c e n t r a t i o n  c e l l  
s t u d i e s  u s i n g  t h e  Na-Pb sys tem have been r e p o r t e d  by Hauf fe  and Vie rkZ  ( i n  1949) 
and by Lan t ra tov3  ( i n  1959) .  
i ng  sodium ox ide .  T h e i r  r e s u l t s  a r e  i n  agreement w i t h  t h o s e  r e p o r t e d  i n  1956 by 
P o r t e r  and Fe in l e ibO,  who used  a n  e l e c t r o l y t e  of  a lumina  impregnated  w i t h  sodium 
ca rbona te .  A. K .  F i s c h e r 5  of Argonne de termined  t h e  vapor  p r e s s u r e  o f  Na ove r  a 
40 a / o  Na i n  Pb a l l o y  h e l d  a t  700°C. From h i s  measurement,  t h e  c e l l  emf w a s  c a l -  
c u l a t e d  t o  be  n, 8 mv h i g h e r  than  t h a t  r e p o r t e d  by F e i n l e i b  and P o r t e r .  The cor- 
r e c t i o n  t e r m  f o r  t h e  c e l l  p o t e n t i a l s  observed  u s i n g  s o l i d  N a C l  as  t h e  e l e c t r o l y t e  
ranged from 4 mv a t  400°C t o  36 mv a t  700°C. 
a ture-composi t ion  d a t a  f o r  t h e  sodium-bismuth c e l l s  a r e  shown i n  F i g u r e  1. 

Discuss  ion  

c o n t a i n i n g  30 t o  40 a / o  Na i n  B i  is c o o l e d ,  a s o l i d  s ta r t s  t o  p r e c i p i t a t e  from t h e  
l i q u i d  a l l o y  a s  ev idenced  by t h e  change i n  s l o p e  of t h e  emf v s  t empera tu re  cu rves .  
T h i s  i s  p r e d i c t e d ,  of c o u r s e ,  from the phase  d iagram.  Using t h e  d a t a  o f  F igu re  1, 
t h e  co r re spond ing  e x c e s s  chemica l  p o t e n t i a l s  o f  sodium have been c a l c u l a t e d  f o r  
t h e  l i q u i d  Na-Bi a l l o y s .  

Na(!L)NaCl(s)/40 a / o  Na i n  Pb(2)  

These i n v e s t i g a t o r s  used  g l a s s  e l e c t r o l y t e s  conta in-  

The c o r r e c t e d  c e l l  po ten t i a l - t emper -  

The d a t a  i n  F i g u r e  1 c l e a r l y  r e f l e c t  t h a t  when a c e l l  w i t h  a ca thode  a l l o y  

These d a t a  were t h e n  t r e a t e d  by a l e a s t - s q u a r e s  t echn ique  



t o  f i n d  an e x p r e s s i o n  f o r  t h e  e x c e s s  chemica l  p o t e n t i a l  of sodium i n  l i q u i d  sodium- 
b ismuth  a l l o y s  a s  a f u n c t i o n  of t empera tu re  and composi t ion .  The b e s t  f i t  was ob- : 
t a i n e d  by assuming a q u a d r a t i c  dependence o f  e x c e s s  chemica l  p o t e n t i a l  on bo th  
t empera tu re  and compos i t ion  -- a s u b t l e  way of s ay ing  t h a t  n i n e  c o e f f i c i e n t s  a r e  1 
n e c e s s a r y  t o  d e s c r i b e  t h e  e x c e s s  chemica l  p o t e n t i a l  s u r f a c e  ( s e e  Equat ion  1 and ! 

Tab le  1 ) .  

O the r  thermodynamic q u a n t i t i e s  f o r  sodium-bismuth a l l o y s  may be c a l c u l a t e d  from t h e  
e q u a t i o n  f o r  t h e  e x c e s s  chemica l  p o t e n t i a l  o f  sodium, us ing  t h e  s t a n d a r d  thermody- 
namic r e l a t i o n s h i p s .  

Using t h e  c e l l  p o t e n t i a l  s u r f a c e  c a l c u l a t e d  from t h e  e q u a t i o n :  

J 2 , a t  a g i v e n  t empera tu re ,  f o r  which E is  t h e  one m?y i r l c u l a t e  t h e  compos i t ion ,  
same as t h a t  observed  f o r  c e l l s  i n  w f c h  t h e  ca thode  a l l o y  was s a t u r a t e d  wi th  a 
s o l i d  i n t e r m e t a l l i c  compound -- e i t h e r  NaBi o r  Na B i .  Th i s  composition-tempera- 
t u r e  r e l a t i o n s h i p  is  t h e  u s u a l  phase  d iagram,  and t h e  p o i n t s  c a l c u l a t e d  a r e  shown 
i n  F i g u r e  2 ,  compared w i t h  t h e  phase  d iagram p u b l i s h e d  i n  Hansen and Anderkob. 
compos i t ions  and c e l l  p o t e n t i a l s  c a l c u l a t e d  were used ,  a long  w i t h  t h e  equa t ion  f o r  
t h e  e x c e s s  chemica l  p o t e n t i a l ,  t o  c a l c u l a t e  t h e  s t a n d a r d  f r e e  energy  of fo rma t ion  
o f  s o l i d  NaBi and Na B i ,  assuming p u r e  l i q u i d  Na and B i  a s  t h e  s t a n d a r d  states.  
These a r e  contpared i n  T a b l e  2 w i t h  t h o s e  r e p o r t e d  p rev ious ly7  f o r  s o l i d  L i  B i .  
i s  t o  be  noted  t h a t  t h e  sodium-bismuth i n t e r a c t i o n  is  s i g n i f i c a n t l y  lower i n  energy 
than  t h e  i n t e r a c t i o n  between l i t h i u m  and b ismuth .  

L 
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T a b l e  1. E 
C . .  C o e f f i c i e n t s  Used i n  E v a l u a t i n g  from Equat ion  1. 
71 

j = 1 -7454.10 -14928.3 6227.26 
j = 2 -17.7422 25.5126 37.9301 
j = 3 .0113414 -. 000940211 -.0435859 

i = l  i =  2 i = 3  

T a b l e  2. 
S tandard  F ree  Energies o f  Format ion  of L i , B i ,  N a B i .  and Na B i  

S t anda rd  F r e e  Energy o f  Format ion  (kca l /mole)  o f :  
* >  3- 

Na B i  -3- L i  B i  N a B i  -3- T ( O K )  

550 
600 - 
650 -14.7 - 
700 -11.4 - 
750 - -36 .1  
800 -50.5 - -34.6 
850 -49.7 - -33.4 
900 -48.8 - -32.6 

-15.4 - 
-15.0 

1 

*Standa rd  s t a t e s  were chosen  t o  be t h e  p u r e  l i q u i d  e lements  and t h e  s o l i d  compounds 
i n  t h e  c e l l  envi ronment .  
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Figure 1. 
CORRECTED POTENTIALS FOR THE CELL: 

Na(R)/NaCl(s)/Na in Bi as a Function of Temperature. 
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Figure 2. 
COMPARISON OF CmCULATED SATURATION CONCENTRATIONS 

WITH PUBLISHED PHASE  DIAGRAM^. 



I MEMBERSHIP IN THE DIVISION OF FUF,L CHEMISTRY 

[e Fuel Chemistry Division of the American Chemical Society is an internationally 
cognized forum for scientists, engineers and technical economists concerned with 
e conversion of fuels to energy, chemicals, or other forms of fuel. Its interests 
nter on the chemical problems, but definitely include the engineering and economic e pects as well. 

I 
b chemist, chemical engineer, geologist, technical economist, ,or other scientists 
mcerned with either the conventional fossil fuels, or the new high-energy fuels-- 
hether he be in government, industry or independent professional organizations-- 
o d d  benefit greatly frm participation in the progress of the Fuel Chemistry 
?vision e 

he h e 1  Chemistry Division offers at least two annual programs of symposia and gen- 
ral papers, extending over several days, usually at National Meetings of the American 
hemi.mil Society. These include the results of research, developent, and analysis in 
he many fields relating to fuels which are so vital in today's energy-dependent 
conmy. Members of the Division have the opportunity to present papers of their am, 
r participate in discussions with experts in their field. Most important, the Fuel 
;hemistry Division provides a permanent record of all of this material in the form of 
omplete preprints. 

qtarting in September 1959, the biennial Fuel Cell Symposia of the Division have been 
,he most important technical meetings for chemists and chemical engineers active in 
this field. The recent land- 
.mrk symposium on Advanced Propellant Chemistry has been published in book form also. 
prther, the Division is strengthen% its coverage of areas of air and water p0llu- 
,tion, gasification, and related areas. 

In addition to receiving several volumes of preprints each year, as well as regular 
news of Division activities , benefits of membership include: (1) Reduced subscrip- 
tion rates for "Fuel" and "Combusf;lion and Flame," (2) Reduced rates for volumes in 
the "Advances in Chemistry Series based on Division symposia, and ( 3 )  The receipt 
card sent in acknowledgment of Division dues is good for $1.00 toward a camplete set 
of abstracts of dl papers presented at each of the National Meetings. 

To join the Fuel Chemistry Division as a regular member, one must also be or became a 

because they are not practicing scientists, engineers or technical econamists in areas 
related to chemistry, can become Division Affiliates. 
regular member except that they cannot vote, hold office or present other than invited 
papers. Affiliate membership is of particular value to those in the informational and 

active in the fuel area and living outside of the United States are invited a l s o  to 
becme Division Affiliates. 

Membership in the Fuel Chemistry Division costs only $4.00 per year, or $U.00 for 

$out joining ACS, is $10.00 per year. 

These symposia have a l l  been published in book form. 

)member of the American Chemical Society. Those not eligible for ACS membership 

They receive all benefits Of'a 

?library sciences who must maintain awareness of the fuel area. Non-ACS scientists 

,three y e a r s ,  in addition to ACS membership. The cost for a Division Affiliate, with- 
For m h e r  information, write to: 

Dr. Frank R u s i n l r o ,  Jr. 
Secretary-Treasurer 
ACS Division of Fuel Chemistry 
c/o Speer Carbon Company 
St. Marys, Pennsylvania 15857 
Telephone: 814 - 834-2801 
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TRACERLAB 

A DIVISION OF LABORATORY FOR ELECTRONICS, INC. 

EXCITED GAS RESEARCH AND TECHNOLOGY , 

Tracerlab has pioneered i n  programs involving generation and utilization 
of low temperature plasmas employing electrodeless discharges a t  radio 
frequencies. 
Excited Gas Research and Technology. The programs a t  Tracerlab have 
been based on research investigations, and have resulted in many tech- 
nological applications and the development of specialized instrumenta- 
tion. The electrodeless method is free of contamination by consumable 
electrodes, provides a uniform volume of excited reactive gas, and re- 
quires only "soft" vacuum engineering design. 

Systems studied to da t e  have included both organic and inorganic systems 
in the following areas: 

This field of research and development is defined a s  

Homogeneous g a s  reactions a t  discharge conditions. 
Gas-solid reactions. 
Reactions involving solids of different physical disposition, 
such a s  ultrafine sub-micron powders. - Treatment of solid shee t s  of metals or polymers. - Reactions producing products i n  the gas  phase. 
Reactions for effecting synthesis. 
Reactions for reducing organic media to residual inorganic ash. - Flow discharge configurations for spectrographic studies. 

IN ADDITION TO RESEARCH AND DEVELOPMENT SERVICES, THE FOLLOWING 
EQUIPMENT* IS AVAILABLE: 

RF Generators - 300, 2,000 and 5,000 RMS Watts - Variable Output - Plasma Activators - Inductive and Capacitive Coupling 
Plasma Research System - 300 RMS Watts - Variable Output 
Low Temperature Asher - LTA-600 

*All equipment operates a t  FCC - approved frequency - 13.56 megacycles. 

For Additional Information, Please Cal l  or Write: 

Mr. James. Robinson 
Product Manager, Plasma Techno] 

2030 Wright Avenue 
Richmond, California 94804 
Telephone: 415-235-2633 

TRACERLAB/WEST 
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ReCENT FUEL DIVISION SyMposIA 

Title 
Symposium on Gas Generation 
General Papers 

Symposium on Chemical Phenomena in Plasmas 
Symposium on Kinetics and Mechanisms of 
High Temperature Reactions 

Symposium on Pyrolysis and Carbonization of Coal 
Symposium on Mineral Matter in Coal 

Symposium on Advanced Propellant Chemist@ 

Volume 
V o l .  8, No. 1 

’; 

1 
5 

#Val. 8, No. 2 

tvol. 8, No. 3 
I 

g V O l .  9, No. 1 
1 

Vel. 9, No. 2 

V o l .  9 ,  No. 3 
Parts 1 & 2 

Vol.  9, No. 4 

‘Vo l .  10, No. 1 

Vol. 10, No. 2 

Symposium on Fuel and Energy Economics 
General Papers 

Symposium on Hydrocarbon-Air Fuel CellsH 

Symposium on Coatings Based on Bituminous 
Materials 

General Papers 

Symposium on Fossil Fuels and Environmental 

Joint with the Division of Water, Air, and 
Pollution 

Waste Chemistry 

Symposium on Pyrolysis Reactions of Fossil Fuels 
Joint with the Division of Petroleum Chemistry 

Presented At 
Philadelphia, Pa. 
April, 1964 

Philadelphia, Pa. 
April, 1964 

Chicago, Illinois 
August , ,1964 

Detroit, Michigan 
April, 1965 

Detroit , Michigan 
April, 1965 

Atlantic City, N. J. 
September , 1965 

Atlantic City, N. J. 
September , 1965 

Pittsburgh , Pa. 
March, 1966 

Pittsburgh, Pa. 
March, 1966 

V o l .  10, No. 3 Symposium on Current Analytical Methods for New York, N. Y. 
Fuels September, 1966 
Fuels 

Symposium on Combustion Reactions of Fossil 

General Papers 

Vol. 10, No. 4 Symposium on Gasification* 

Vol. U, No. 1 Symposium on Electrochemical Processes 

‘Vol. U, No. 2 
Parts 1 and 2 

Symposium on Chemical Reactions in 

General Papers 
Electrical Discharges 

New York, N. Y. 
September, 1966 

Miami, Florida 
April, 1967 

April, 1967 
M i a m i ,  Florida 

* To be published by Advances in Chemistry 
+, , Published by Academic Press Inc. 
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I ' PRoJ.Ecm PROCRAMS 

Symposium on Detonations and Reactions in Shock Waves 
Joint with the Division of Physical Chemistry 
R. W. Van Dohh, C h i m a n  

Fifth Biannual Fuel Cell Symposium 
B. S. Baker, Chainnan 

Symposium on Advances in Spectrometry of Fuels and Related 
Materials 
Joint with the Division of Analytical Chemistry 
R. A. Friedel, Chairman 

General Papers 
Irving Wender, Chairman 

Symposium on Advanced Propellant Chemistry 
R. T. Hol~nann, Chainaan 

Symposium on Oil Shale and Tar Sands 
Joint with the Division of Petroleum Chemistry,  Inc. 
J. H. Oary, Chairman 

General Papers 
R. T. Struck, Chairman 

Sgmpoeiun on Induetrid Carban and Graphite 

Symposium on Synthetic Fuels fran Coal 

Frank RusFrrko, Jr., Chairmaa 

E. Gorin, c h a m  

General Papers 
R. T. Struck, chairman 

Chicago, I l l i n o i  
September, 1% 

Chicsgo, I U i n o i ;  
September, 1% 

Chicago, I u i n o i  
September, 196. 

Chicago, Illinoi: 
September, 1961 

April, 1968 ' 
san Francisco 

San Francisco 
AprF1,  1968 , 


